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SECTION I 
SUMMARY 
An a l t e r n a t o r  and vol tage  r egu la to r - exc i t e r  have been developed and 
t e s t e d  f o r  app l i ca t ion  i n  a  15  KVA, 120/208 v o l t s ,  400 h e r t z ,  0.8 lagging  
power f a c t o r  Brayton Cycle space power system. An Al t e rna to r  Research 
Package (ARP) c o n s i s t i n g  of t he  a l t e r n a t o r  opera t ing  a t  12,000 rpm on 
o i l - l u b r i c a t e d  rol l ing-element  bearings and a  breadboard vol tage  r egu la to r -  
e x c i t e r  (VFE) have been manufactured and t e s t e d .  
The a l t e r n a t o r  i s  a l iqu id-cooled  (200'~) homopolar inductor  designed 
f o r  high r e l i a b i l i t y  and e f f i c i ency .  I t s  design f e a t u r e s  inc lude  e l ec t ron -  
beam-welded laminated pole  t i p s  t o  reduce pole  f ace  l o s s ,  hermetic s ea l ing ,  
unique s t a t o r  c o i l  design,  polyimide i n s u l a t i o n ,  and s tand-of f  te rmina ls  
f o r  hermetic te rmina l  p ro t ec t ion .  
The ARP e f f i c i e n c y  i s  91.7% a t  11.25 KVA, 0.8 power f a c t o r .  Experimental 
da t a  i n d i c a t e  t h a t  e f f i c i e n c y  exceeds 90% over a  range of power output  
between 4.5 and 1 5  KW a t  0.8 power f a c t o r ,  and peaks a t  9  KW. The 
system met o r  exceeded the  fo l lowing  s p e c i f i c a t i o n  requirements:  
Frequency Range 400 t 20% 
Voltage Regulation ?. 1% from 10% Load t o  F u l l  Load 
Recovery Time on Applicat ion 
o r  Removal of F u l l  Load 0.25 seconds 
Voltage Excursion 36.4% on Removal of F u l l  Load 
The vol tage  r egu la to r - exc i t e r  and a l t e r n a t o r  ac ted  t o  l i m i t  vo l tage  
recovery time t o  l e s s  than 0.2 seconds wi th  the  app l i ca t ion  of one per  
u n i t  load t r a n s i e n t s .  For appl ied  loads  the  vol tage  dropped t o  78% of 
r a t ed .  For l oad  removal the  vol tage  increased  t o  128% of r a t ed .  The 
regula t ion ,  t h a t  is  the  change i n  vol tage  from no load t o  f u l l  load, 
was f- 0.13%. 
SECTION I1 
INTRODUCTION 
The NASA has envisioned the  f u t u r e  need f o r  l a rge  blocks of power f o r  space 
a p p l i c a t i o n s ,  and one of the energy conversion schemes be ing  inves t iga t ed  i s  
the  Brayton Cycle Power P l a n t ,  one form of which i s  shown i n  F igure  1. The 
t u r b o a l t e r n a t o r ,  Figure 2 ,  uses argon gas a s  the  working fl uid  and runs on 
hydrodynamic gas bear ings  t o  provide long l i f e  and e l imina t e  the  problem of 
working f l u i d  contamination t h a t  would e x i s t  i f  conventional  o i l  l u b r i c a t e d  
bear ings  were used. This  r e p o r t ,  Volume I, desc r ibes  the des ign ,  manufacture 
and t e s t i n g  of the a l t e r n a t o r  and vol tage  r egu la to r - exc i t e r  . A second r e p o r t ,  
Volume 11, covers an i n v e s t i g a t i o n  i n t o  t he  na ture  and magnitude of t h e  un- 
balanced magnetic fo rces  e x i s t i n g  i n  the a l t e r n a t o r  s o  t h a t  proper  gas 
bea r ing  des ign  could be accomplished. 
Design o b j e c t i v e s  f o r  the a l t e r n a t o r  and vol tage  r egu la to r - exc i t e r  i n  t h e i r  
o r d e r  of p r i o r i t y  a r e  g iven  below: 
1. High r e l i a b i l i t y  
2. 90% e f f i c i e n c y  
3 .  A i r c r a f t  a l t e r n a t o r  power q u a l i t y  
4. Weight 
I n  a d d i t i o n ,  double load c a p a b i l i t y ,  a l t e r n a t o r  hermetic  s e a l i n g ,  and low 
unbalanced magnetic fo rces  were a l s o  requi red .  
Manufacturing ob jec t ives  included two (2 )  s t a t o r s ,  F igure  3,  and th ree  (3)  
r o t o r s  f o r  use i n  the  gas bearing t u r b o a l t e r n a t o r  of F igure  2. To provide 
hardware f o r  s epa ra t e  component eva lua t ion ,  two (2)  A l t e r n a t o r  Research Packages 
(ARP) c o n s i s t i n g  of an a l t e r n a t o r  and breadboard vol tage  r e g u l a t o r - e x c i t e r  
(VRE) , Figure  4 and 5, were manufactured . The a l t e r n a t o r  u t i l i z e d  the  same 
s t a t o r  des ign  generated f o r  the turboal  t e r n a t o r ,  bu t  had a  redesigned r o t o r  
t h a t  opera ted  on o i l  l u b r i c a t e d  r o l l i r g  con tac t  bear ings  housed i n  s t a i n l e s s  
s t e e 1  end s h i e l d s .  The ARP was thus a s e l f  contained u n i t  t h a t  could be t e s t e d  
independently under a  v a r i e t y  of condi t ions  inc luding  r o t o r  c a v i t y  evacuat ion.  
P i c t u r e s  of the two d i f f e r e n t  r o t o r s  can be found i n  Section..Qx, F igure  1 0  
and 11. Two (2) f l y a b l e  VRE's f o r  use w i th  the t u r b o a l t e r n a t o r  were manu- 
f a c t u r e d .  Each u n i t  w a s  packaged a s  shown i n  F igures  6 and 7.  The F igu re  6 
package con ta in s  t h e  vo l t age  r e g u l a t o r  components and the r e c t i f i e r s  of the  
s t a t i c  e x c i t e r .  The reac tor - t ransformer ,  which is  the main component of the  
s t a t i c - e x c i t e r ,  i s  housed i n  t he  package of Figure 7 .  These u n i t s  a r e  t r u l y  
f l y a b l e  u n i t s  except  for '  hermet ic -sea l ing  which was e l imina ted  t o  f a c i l i t a t e  
ground t e s t i n g .  
P r a c t i c a l l y  a l l  of the  des ign  o b j e c t i v e s  and a l l  of the manufacturing o b j e c t i v e s  
g iven  above were met. Other  s e c t i o n s  of t h i s  r e p o r t  cover the  des ign  phi losophy 
u t i l i z e d  t o  meet the  des ign  o b j e c t i v e s  and a l s o  t he  des ign  dec i s ions  made t o  
enhance r e l i a b i l i t y  a t  t he  s a c r i f i c e  of some power q u a l i t y .  Performance t e s t  
d a t a  i s  given a s  w e l l  as d e t a i l e d  des ign  c a l c u l a t i a n s .  A d e t a i l e d  r e p o r t  on the  
development of the e l e c t r o n  beam welding technique f o r  secur ing  laminated pole  
t i p s  t o  t h e  r o t o r  i s  g iven  i n  Sec t ion  YISI .  
TURBOCOMPRE S S OR TURBOALTERNATOR 
Regenerator  
BRAYTON CYCLE SYSTEM 




ALTERNATOR RESEARCH PACKAGE (ARP) 
FIGURE 4 




SECTION T T I  
DE SCRIPTIrn OF ALTERNATOR 
AND VOLTAGE REGULATOR-EXCITER 
A.  A l t e rna to r  
The a l t e r n a t o r  a s  shown i n  F igure  4 Sec t fon  I1 is  r a t ed  a t :  
15 WA 
1201208 v o l t s  
400 h e r t z  
.8 power f a c t o r  
12,000 RPM 
A homopolar inductor  a l t e r n a t o r  was chosen over o t h e r  machine types 
p r imar i l y  f o r  i t s  h igh  inherent  r e l i a b i l i t y  due t o  absence of r o t a t i n g  
windings. F igure  8 shows a c ros s  s e c t i o n a l  view of the  ARP 
inductor  a l t e r n a t o r  c o n s i s t i n g  of two (2 )  s t a t o r  cores  t h a t  hold the 
s t a t o r  windings, a  f i xed  t o r o i d a l  f i e l d  c o i l  between the  s t a t o r  co re s ,  
and a toothed r o t o r  t h a t  can be made from a s i n g l e  s t e e 1  fo rg ing .  
When power i s  appl ied  t o  the  f i e l d ,  u n i d i r e c t i o n a l  magnetic f l u x  i s  c r ea t ed  
and i t  fol lows the pa th  a s  shown i n  f i g u r e  8. Rota t ion  of the toothed 
r o t o r  r e s u l t s  i n  a  v a r i a b l e  perrneance between the s t a t o r  and r o t o r  
thus genera t ing  vo l t age  i n  the s t a t o r  windings according t o  Faraday' s 
law. Since the f l u x  d e n s i t y  a r i s i n g  from the  v a r i a b l e  permeance 
never r eve r se s ,  i t  has a  f a i r l y  l a r g e  DC component r e s u l t i n g  i n  a  DC 
f l u x  t h a t  flows i n  t he  magnetic c i r c u i t .  S u f f i c i e n t  i r o n  must be. 
provided t o  suppor t  t h i s  f l u x  and thus  the inductor  i s  i n h e r e n t l y  
heav ie r  than a  wound r o t o r  machine which has no DC component. This 
weight disadvantage w a s  t raded f o r  i n h e r e n t l y  g r e a t e r  r e l i a b i l i t y .  
For a  r a d i a l  gap inductor  a l t e r n a t o r ,  the p r a c t i c a l  minimum number of 
poles  is fou r ,  two on e i t h e r  end of the  r o t o r  a s  shown below: 
FRONT VIEW SIDE ' VIEW 
I f  two poles  were used, the r o t o r  con f igu ra t ion  would have to  be4 
FRONT VIEW SIDE' VIEW 
Such a con f igu ra t ion  c r e a t e s  mechanical unbalance which must be e l imina ted  
by a t t a c h i n g  a s t a i n l e s s  s t ee1  member oppos i te  each magnetic pole .  
Manufacturing d i f f i c u l t i e s ,  a l though n o t  insurmountable, thus occur and 
i n  o rde r  t o  avoid them a f o u r  pole  des ign  running a t  12,000 RPM was 
chosen t o  produce the 400 h e r t z  power requi red .  
The s t a t o r  c o n s i s t s  of two (2) s t a c k s  of .007" e l e c t r i c a l  s h e e t  s t e e l  
l amina t ions ,  f i e l d  c o i l ,  and AC winding a l l  housed i n  an  i ngo t  i r o n  
frame a s  shown i n  F igure  9 . Heat i s  removed from the s t a t o r  by a 
l i q u i d  coolant  which flows i n  the  c i r cumfe ren t i a l  grooves of the  frame 
o u t e r  d iameter .  An Incone l  shroud, welded a t  both ends t o  the frame, 
covers  the  coolant  grooves and conta ins  the l i q u i d  w i t h i n  the  passage- 
ways. Two f langes  of h e a t  t r e a t a b l e  s t e e l  a r e  welded t o  the  i n g o t  
i r o n  frame, and provide a good wearing su r f ace  f o r  the f lange  r abbe t s .  
E l e c t r i c a l  power from the  AC winding i s  a v a i l a b l e  e x t e r n a l l y  a t  s i x  
(6)  hermetic  te rmina ls  which a r e  connected t o  a l i k e  number of s tand- 
o f f  te rmina ls .  A l l  connect ions a r e  made t o  the  l a t t e r  type terminal  
s o  a s  t o  avoid damage to  t he  hermetics .  F i e l d  power i s  suppl ied  t o  
t h e  a l t e r n a t o r  through a 2-prong hermetic  te rmina l  whose mating 
connector  i s  he ld  i n  p lace  by a Marman clamp. 
The f i e l d  c o i l  i t s e l f  c o n s i s t s  of rourid i n su l a t ed  copper wire  wet- 
wound i n t o  an in su l a t ed  spun copper can which i s  sea t ed  a t  the  o u t e r  
diameter  by l aye r s  of so ldered  (high temperature)  bare  copper wire .  
This  type of cons t ruc t ion  i s  rugged and provides a good h e a t  t r a n s f e r  
pa th  t o  t he  frame s i n c e  t he  o u t e r  diameter  i s  i n  i n t ima te  con tac t  
dur ing  opera t ion .  
The s t a t o r  winding c o n s i s t s  of 48 c o i l s  l a p  wound i n  48 s l o t s  and 
connected s o  a s  t o  form a two ( 2 )  c i r c u i t  winding. This 48 s l o t ,  two 
c i r c u i t ,  design o f f e r s  the  b e s t  o v e r a l l  des ign  i n  regard t o  low un- 
balanced magnetic f o r c e s  and power q u a l i t y .  S t a t o r  conductors  a r e  
s t randed ,  form wound, and l a i d  f l a t  i n  the s l o t  t o  minimize the e f f e c t  
of long and s h o r t  pa th  eddy c u r r e n t  l o s se s .  
Two ( 2 )  d i f f e r e n t  r o t o r  des igns  were cons t ruc t ed ,  one f o r  the  t u r b o a l t e r n a t o r  
t o  ope ra t e  wi th  gas bear ings  and another  f o r  the  ARP which u t i l i z e s  o i l  
bear ings .  P i c t u r e s  of t h e  r o t o r s  a r e  shown i n  F igures  10 and li 
r e s p e c t i v e l y .  
Both r o t o r s  a r e  made from AESI 4620 s t e e l  and have laminated pole 
t i p s  (.Ol4" e l e c t r i c a l  s h e e t  s t e e l  ) which a r e  e l e c t r o n  beam welded 
t o  the  main body of the r o t o r  t o  reduce pole  f a c e  l o s s .  The succes s fu l  
a p p l i c a t i o n  of e l e c t r o n  beam welding i n  t h i s  manner r ep re sen t s  a major 
manufacturing accomplishment of the program. 
h o r t i s s e u r  ba r s  made of zirconium copper have been placed i n  the pole  
t i p s  t o  improve unbalanced load performance and r o t a t i n g  windage b a f f l e s  
f a s  tened to the  pole  ends reduce windage l o s s .  The r o t a t i n g  b a f f l e s  
run  approximately 0.05rt from a s e t  of s t a t i o n a r y  b a f f l e s  thus g iv ing  the  
e f f e c t  of two (2) smooth d i sks  r o t a t i n g  next  t o  each o the r .  General  
E l e c t r i c  In-House t e s t s  have determined t h a t  t h i s  arrangement sub- 
s t a n t i a l l y  reduces the  windage l o s s ,  and t e s t s  on the ARP have v e r i f i e d  
these  f i nd ings  . 
S t a i n l e s s  s t e e l  end s h i e l d s  (Type 304) suppor t  the  r o t o r  on the  ARP 
and house the  bear ings ,  s e a l s ,  and bear ing  c a r t r i d g e s .  F igures  12 
and 1 3  show the  drive-end and a n t i - d r i v e  end end s h i e l d s  r e s p e c t i v e l y .  
The bear ing  des ign  u t i l i z e s  low l o s s  o i l  l u b r i c a t e d  bear ings  (Conrad 
203 type)  and r o t a t i n g  f ace  type carbon s e a l s .  Bearing l u b r i c a t i o n  and 
s e a l  cool ing  a r e  provided on the d r i v e  end by two (2) 0.03" jets each  
d e l i v e r i n g  a f low of 0.5 fb/minute (7808 o i l )  when ope ra t ing  under 
approximately 15 p s i  above b rea the r  pressure .  Breather  openings have 
been provided f o r  both bear ings  and may be used t o  in t roduce  an  Argon 
atmosphere t o  t he  bearing c a v i t y  i f  requi red .  
O i l  is scavenged from both s i d e s  of the bear ings ,  and the  r a t i o  be- 
tween scavenge a r e a  and j e t  a r e a  i s  150. Since only  one (1) s e a l  is 
requi red  on the  a n t i - d r i v e  end, a s i n g l e  j e t  (.042It) wi th  a flow of 
1 lb/minute a t  15 p s i  above b rea the r  pressure  provides both l u b r i c a t i o n  
and cooling.  D e t a i l s  of the  bear ing  and s e a l  assembly a r e  shown i n  
Figure6 40. and 41  of Sec t ion  V .  
Ten (10) Chromel-Alumel thermocouples a r e  i n s t a l l e d  i n  the  s t a t o r  t o  
measure temperature during opera t ing  condi t ions  . These thermocouples 
e x i t  through the frame by way of two ( 2 )  10-prong hermetic  connectors  
which provide s imple and r e l i a b l e  acc2s9 t o  recording equipment. 
Thermocouples have a l s o  been i n s t a l l e d  i n  the  I n l e t - O u t l e t  coolant  
chambers t o  measure the  temperature of  the  coo lan t .  On the  ARP u n i t s ,  
thermocouples l oca t ed  c lo se  t o  the bearing o u t e r  d i a m  t e r  provide a means 
f o r  monitoring bear ing  temperatures during opera t ion .  
B. Voltage Regulator-Exciter  Descr ip t ion  
1. General  i n £  ormation 
The Brayton Cycle vol tage  r egu la to r - exc i t e r  (VRE) program c a l l e d  
f o r  development of two types of hardware, breadboard and f l y a b l e .  
The breadboard, Figure 14 , was t o  be a l abo ra to ry  model designed 
f o r  r ack  mounting and convection cooling.  The f l y a b l e  models, 
F igures  15  and 16 , were t o  be packaged f o r  ope ra t ion  i n  a space 
environment and were t o  be conduct ion cooled.  Although t h i s  
p a r t i c u l a r  a p p l i c a t i o n  d i d  n o t  inc lude  a  nuc l ea r  h e a t  source ,  
r a d i a t i o n  r e s i s t a n t  components were used to  make t he  de s ign  
v e r s a t i l e ,  (See Sec t i on  VIII) . 
The u f l y a b l e "  models were o r i g i n a l l y  he rme t i ca l l y  s e a l e d ,  b u t  t h i s  
p rov i s ion  was d e l e t e d  i n  o rde r  t o  reduce the  s i z e  and thus  t he  
shadow c a s t  on t h e  mi r ro r  of a  s o l a r  h e a t  source.  A v a r i a b l e  
vo l t age  s e t t i n g  was a l s o  provided on the " f1yables t t  t o  permi t  
adjustment  dur ing  ground t e s t .  A f i xed  r e s i s t a n c e  should be 
incorpora ted  when the  system requirements  a r e  determined t o  improve 
r e l i a b i l i t y ,  
An engineer ing  breadboard,  F igure  17 , was a l s o  b u i l t  f o r  c i r c u i t  
eva lua t i on .  When the  engineer ing  breadboard was opera ted  w i th  the  
a l t e r n a t o r  f o r  t he  f i r s t  time, i t  was found t h a t  some component 
changes were neces sa ry  t o  improve t he  sys tem s t a b i l i t y  margin and 
t o  make the  h igh  phase takeover  c i r c u i t  i nope ra t i ve  dur ing  normal 
ope ra t i on .  
These component changes were made i n  the  breadboard and i t  was 
t e s t e d  wi th  the  A l t e r n a t o r  Research Package. The t e s t s  showed 
t h a t  performance was w e l l  w i t h i n  t he  specifications. 
2. Theory of ope ra t i on  
The VRE i s  designed t o  r e g u l a t e  the  ou tpu t  of General E l e c t r i c  
a l t e r n a t o r  Model 2CM393A1 and 2CM393B1 r a t e d  15 KVA, 0 .80 PJ?, 
t h r ee  phase, 4 w i r e  115/208 v o l t s ,  400 h e r t z .  
The VRE can b e s t  be understood i n  terms of a  b lock  diagram of t he  
system and a  b r i e f  o u t l i n e  of the  gene ra l  scheme of ope ra t i on .  The 
major c i r c u i t s  of the  VRE a r e  shown i n  t he  block diagram, F igure18  
Refer r ing  t o  F igure  i8 , t he  VRF, f unc t i ons  a s  fol lows:  
A r e f e r ence  v o l t a g e  is  suppl ied  by the  r e f e r ence  c i r c u i t  t o  the  
comparison c i r c u i t .  A s i g n a l  vo l t age  i s  suppl ied  t o  t he  comparison 
c i r c u i t  by the  vo l t age  sens ing  c i r c u i t .  The r e f e r ence  and s i g n a l  
vo l t ages  a r e  compared, and the  e r r o r  c u r r e n t ,  which i n d i c a t e s  
t h a t  a  change i n  vo l t age  i s  necessary ,  i s  ampl i f ied  by a  t r a n s i s t o r  
and magnetic a m p l i f i e r .  The ou tpu t  c u r r e n t ,  suppl ied  by the  
magnetic a m p l i f i e r  t o  the  c o n t r o l  winding of the e x c i t e r ,  changes 
t he  e x c i t e r  ou tpu t  s o  t h a t  l i n e  vo l t age  is  r e s t o r e d  t o  the 
c o r r e c t  va lue .  The s t a b i l i z i n g  c i r c u i t  i s  designed t o  provide 
f a s t  response while  prevent ing o s c i l l a t i o n .  A s e p a r a t e  h igh  
phase takeover  c i r c u i t  l i m i t s  t he  maximum vo l t age  on any phase 
t o  approximately 110% of normal dur ing  s i n g l e  phase s h o r t  o r  
open c i r c u i t s .  
3. Packaging 
The VRE w i l l  be cooled by conduct ion t o  co ld  p l a t e s ,  one a t  1 5 0 ~ ~  and 
one a t  250°F. S ince  the  two m j s z  m g n e t i c  dev%ces,  t he  s a t u r a b l e  
c u r r e n t  p o t e n t i a l  t ransformer (SCPT) and the  l i n e a r  r e a c t o r ,  a r e  
capable of ope ra t ing  a t  the  h ighe r  temperature over  the requi red  
miss ion  ti=, these  two components a r e  packaged a s  a complete 
assembly f o r  mounting on the 2500 s ink ,  F igure  16. 
A l l  o t h e r  components, which included those making up the  complete 
vo l t age  r e g u l a t o r  plus the f i e  l d  r e c  t i £  i e r  subassemblies were 
packaged a s  a complete assembly f o r  mounting on the 150'; s i nk ,  
F igu re  1.5. 
Other cool ing  methods may be used, s o  long a s  the  base p l a t e  
temperatures  do n o t  exceed the va lues  s t a t e d  above. 
4. Environment Spec i f i ca t i ons  
The Brayton Cycle system w i l l  be exposed t o  d i f f e r e n t  environments 
a s  i t  progresses  through the  manufacturing, s t o r a g e ,  t r a n s p o r t a t i o n ,  
l i f t  o f f ,  boos t ,  o r b i t  and o r b i t  t r a n s f e r  s t a g e s .  The expected 
va lues  of shock, v i b r a t i o n ,  a c c e l e r a t i o n  and a c c o u s t i c a l  no ise  
which accompany these  s t a g e s  a r e  t abu la t ed  i n  Table I. 
Although n o t  l i s t e d  a s  a requirement on the  c o n t r a c t ,  i t  is  
d e s i r a b l e  t o  use components which w i l l  ope ra t e  i n  a nuc lear  
r a d i a t i o n  environment s i m i l a r  t o  o t h e r  NASA space programs 
The expected r a d i a t i o n  dosage f o r  the system is 1 X 1011 
NVT f a s t  neut rons  and 1 X lo6 r ads  (carbon) of gamma rays .  
Accordingly, p a r t s  have been s e l e c t e d  wi th  t h i s  i n  mind, bu t  the 
p a r t s  should be proved by t e s t  before being used i n  a nuc l ea r  
environment. 
Although the  packages a r e  not  he rme t i ca l ly  s ea l ed ,  the p a r t s  a r e  
designed t o  opera te  f o r  10,000 hours i n  a space vacuum. The 
t o l e r a n c e  t o  vacuum has been achieved by p o t t i n g  the  components 
i n  a hard epoxy, which has a ve ry  low subl imat ion  r a t e  a t  the  
expected ope ra t ing  temperature. Connecting wires  w i th in  the  
enc losure  have i n s u l a t i o n  which a l s o  has a very  low subl imat ion  
r a t e .  
Althoukh n o t  requi red  by the s p e c i f i c a t i o n s ,  t h e  VRE should n o t  
be harmed by - 5 5 ' ~  temperatures dur ing  launch and s t a r t u p .  
5 .  E l e c t r i c a l  Performance Spec i f i ca t i ons  
I n  gene ra l ,  the  r e g u l a t o r  i s  t o  maintain a l t e r n a t o r  l i n e  t o  
n e u t r a l  vo l t age  a t  120 v o l t s  from no load t o  double load,  and t o  
recover  promptly and s t a b l y  a f t e r  load change. Furthermore, the  
r e g u l a t o r  must supply s u f f i c i e n t  f i e l d  power t o  provide f o r  3.0 
p e r  u n i t  l i n e  c u r r e n t  f o r  both t h ree  phase and s i n g l e  phase s h o r t  
c i r c u i t s .  The e l e c t r i c a l  performance s p e c i f i c a t i o n s  a r e  summarized 
i n  Table I1 . How we l l  the system performed t o  these  requirements 
i s  g iven  i n  Sec t ion  V I  "Test Resul t s  and Discussion". 
C. Load Bank 
A Load Bank, F i g u r e  19,  f o r  use  i n  a  gas  b e a r i n g  t e s t  s e t u p  was 
des igned  and manufactured.  I t  c o n s i s t e d  o f  an Avtron Model T-80 
Load Bank, i n s t r u m e n t a t i o n ,  and c i r c u i t  b r e a k e r s  for a p p l y i n g  a  
v a r i e t y  o f  f a u l t  c o n d i t i o n s  t o  the  s y s  tem. C i r c u i t  d iagram and 
o t h e r  d e t a i l  drawings a p p e a r  i n  S e c t i o n  V I I I .  
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FLYABLE VOLTAGE REGULATOR MODULAR CONSTRUCTION 
FIGURE 15 








ENVIRONMENT STORAGE; TWSPORTATION LAUNGH, LIFT-OFF, BOOST ORBITAL OPERATION 
Shock 
-
Triangular pulse,  10 as 4g 
Half-sine pulse,  8 ms 
Rectangular pulse,  5 m s  
Vibration 
Acceleration 
Accous t i c a l  Noise 
2-10 cps, 0.4 i n  D.A. 
10-50 cps, 2.0g peak 
None 
None 
16-100 cps, 6g peak 5-2000 cps, 25g peak 
100-180 cps, .On18 i n  BA, 
180-2000 cps, 19g peak 
+7g, -3g o r  vehic le  ax i s  3.5g o r  vehic le  a x i s  
4.5 perpendicular to  
a x i s  - +lg perpendicular t o  
a x i s  
Accous t i c a l  f i e l d  of None 
148 db r e  0.002 
microbars 
T A B U  11 
EUGTRICAL PEW0 CE SPECmIUTION S 
1. Voltage Regulation - The VRE s h a l l  regula te  the steady s t a t e  l ine- to-  
neu t ra l  voltage within 21% of the nominal voltage when balanced load i s  
var ied  from 10-100% of rated a t  ra ted  power f a c t o r  and frequency. 
2. Voltage Adjustment - The l ine- to-neutra l  voltage s h a l l  be adjus table  from 
95% to  105% of the rated 120 v o l t s  i n  s t eps  not  exceeding 0.25%. 
3.  Frequency E f f e c t  -. The VRE s h a l l  operate withbut d i scon t inu i ty  over 
the range 320 to  480 he r tz .  
4.  Voltage Modulation - The voltage modulation s h a l l  not  exceed 1% from 10%- 
100% load under a l l  operating condit ions.  
5 .  Recovery Time - While operating a t  a  l i n e  voltage of 120 20.5% v o l t s ,  the 
voltage s h a l l  recover within 0.25 seconds to  25% of the i n i t i a l  voltage 
with no sustained o s c i l l a t i o n s  following appl ica t ion o-r removal of one 
per u n i t  load a t  ra ted  power fac to r .  
6. Voltage Excursion - Upon removal of one per u n i t  load while operating a t  
ra ted  temperature, the maximum excursion s h a l l  not be g r e a t e r  than 136.4% 
of the voltage p r i o r  t o  removal. 
7. Short C i rcu i t  Capacity - The VRE s h a l l  furnish  s q f f i c i e n t  power to the 
a l t e r n a t o r  to enable i t  to de l ive r  a t  l e a s t  3.0 per u n i t  current  in to  a 
three  phase o r  a s ing le  phase l ine- to-neutra l  shor t  c i r c u i t  f o r  a minimum 
of 5 seconds. 
8. Overload - The VRE s h a l l  regula te  the voltage wi thin  23% under the following 
overload conditions: 
a )  150 percent rated current  a t  ra ted  power f a c t o r  f o r  2 minutes. 
b) 200 percent ra ted  current  a t  ra ted  poeer f a c t o r  f o r  5 seconds. 
9. Voltage D r i f t  - The voltage d r i f t  s h a l l  not  exceed 1 v o l t  a t  any fixed load 
f o r  10% load t o  f u l l  load i n  any 1000 hour period of continuous operation.  
LO. E l e c t r i c a l  In ter ference  - The VRE s h a l l  m e t  the e l e c t r i c a l  in ter ference  
requirements of MIL-1-26600. 
11. Wave Form - Paragraph 4.5.16 of MIL-G-6099A. I n  tlddition, the t o t a l  W 
harmonic content  of the voltage wave, when the a l t e r n a t o r  is  operating i n t o  
a l i n e a r  load, s h a l l  be l e s s  than 7% when rneasured l ine- to-neutra l  a t  1.0 
P.F. load from 10% t o  100% load. 
12. Phase Balance - Paragraphs 4.5.10, 4.5.10.1, and 4.5.10.2 of MIL-G-6099A. 
13. Output Voltage Modulation - Paragraph 4.5.13 of MIL-G-6099A. 
T A B U  I1 (continued) 
14. E f f i c i ency  - The a l t e r n a t o r  e f f i c i e n c y  s h a l l  be designed t o  be the  maximum 
a t  an 11.25 KVA power ou tpu t .  A s  a  des ign  goa l ,  t h i s  va lue  of e f f i c i e n c y  
s h a l l  be 90% inc luding  r o t o r  windage l o s s ,  bu t  excluding bear ing  l o s s e s .  
Furthermore, the a l t e r n a t o r  s h a l l  be designed t o  maximize e f f i c i e n c y  over  
a  power range of 5  t o  15 KVA. 
SECTION I V  
A .  A l t e r n a t o r  Design Objec t ives  
Design philosophy has been based on the  fol lowing order  of p r i o r i t i e s :  
1. R e l i a b i l i t y  
2 .  E f f i c i e n c y  
3 .  Power Qual i ty  
4. Weight 
The choice of an inductor  a l t e r n a t o r  was made p r imar i l y  t o  achieve a 
high degree of r e l i a b i l i t y .  This i s  poss ib l e  w i th  an inductor  s i n c e  
an unwound r o t o r  can be used and both the  f i e l d  and s t a t o r  windings 
can be s t a t i o n a r y .  Disadvantages of the inductor  a r e  hig h e r  weight  
and l e s s  than optimum power q u a l i t y  b u t  these have been s a c r i f i c e d  
i n  accordance wi th  the  above p r i o r i t y  sys tern. R e l i a b i l i t y  has been 
f u r t h e r  enhanced by d e r a t i n g  a s tandard  a i r c r a f t  i n s u l a t i o n  s ys tern 
and employing s t a t e  of the  a r t  m a t e r i a l s  and components. 
Seve ra l  des ign  techniques were employed t o  ob t a in  a high degree of 
e f f i c i e n c y .  Both s t a t i o n a r y  and r o t a t i n g  b a f f l e s  were used t o  de- 
c r ea se  the  windage l o s s  and laminated pole  t i p s  were a t t ached  t o  the 
r o t o r  hub a s  a means of reducing pole  f a c e  l o s se s .  The laminated pole 
t i p s  were e l e c t r o n  beam welded t o  a s o l i d  r o t o r  hub and t h i s  technique 
represented  one of the  s i g n i f i c a n t  manufacturing con t r ibu t ions  of the  
program. Copper l o s s  and core  l o s s  were he ld  t o  a minimum by employing 
low c u r r e n t  and f l u x  d e n s i t i e s .  I n  a d d i t i o n ,  s t r and ing  the s t a t o r  
conductors and p lac ing  them f l a t  i n  the s l o t  reduced deep ba r  l o s se s .  
Inductor  power q u a l i t y  was improved by use of an amor t i sseur  winding 
which decreased the vo l t age  unbalance under .unbalanced load cond i t i ons .  The 
very  prominent t h i r d  harmonic was e l imina ted  by us ing  a 2 /3  p i t c h  i n  
the  c o i l  winding, b u t  no a t tempts  were made t o  reduce the s t a t o r  s l o t  
harmonics s i n c e  skewing of e i t h e r  the  r o t o r  o r  s t a t o r  would probably 
decrease  the r e l i a b i l i t y .  The vol tage  overshoot  o r  d i p  on the removal 
o r  a p p l i c a t i o n  of one per  u n i t  load c u r r e n t  was purposely designed t o  
be j u s t  w i t h i n  the s p e c i f i c a t i o n ,  and i t  along wi th  the  o t h e r  power 
q u a l i t y  a r e a s  r ep re sen t  the b e s t  o v e r a l l  design.  A l l  of t h i s  i s  i n  
accordance w i t h  the aforementioned p r i o r i t i e s .  
Since the  gene ra to r  was to  opera te  on gas bear ings ,  i t  w a s  necessary 
t h a t  a low r a d i a l  bearing fo rce  be achieved and thus a r e l a t i v e l y  
l a r g e  a i r  gap and low gap f l u x  d e n s i t y  have been used. However, the 
method of c a l c u l a t i n g  bearing fo rce  was somewhat i n  ques t ion  s i n c e  
s i g n i f i c a n t  d i f f e r e n c e s  e x i s t e d  i n  the answers obtained from va r ious  
methods. A s  a r e s u l t ,  a bearing fo rce  program was i n i t i a t e d  and i s  
documented i n  Volume 11 of t h i s  r e p o r t .  
More d e t a i l e d  des ign  philosophy covering des ign  dec i s ions  and t rade-  
o f f s  i s  g iven  i n  t he  paragraphs below. 
1, Electromagnetic  des ign  
a ,  S t a t o r  s l o t  des ign  
The choice of s t a t o r  s l o t s  i s  probably the most important  
des ign  dec i s ion  t h a t  must be made f o r  i t  determines p r a c t i c a l l y  
a l l  of the  machine parameters a s  we l l  a s  i t s  performance. 
Three s l o t  combinations were eva lua t ed ,  namely, 36, 48, and 60 
s l o t s .  These s l o t  combinations produce i n t e g r a l  s l o t s  pe r  
po le  f o r  a  f o u r  pole a l t e r n a t o r  and were d e l i b e r a t e l y  chosen 
i n  order  t o  avoid a  f r a c t i o n a l  s l o t  des ign .  F r a c t i o n a l  s l o t s  
produce even harmonics i n  the  armature r e a c t i o n  wave and r e s u l t  
i n  ve ry  h igh  pole face  l o s s e s .  F igure  27 shows a comparison 
between the s l o t  combinations, bu t  the most important  parameters  
a r e  bear ing  fo rce ,  e f f i c i e n c y ,  and vol tage  r i s e  which a r e  
reproduced below f o r  the s l o t  combinations. 
S l o t s  36 48 6 0 
Bearing Force 
(#/mil) 10.8 6.45 4 .3  
E f f i c i ency  (%) 91.3 90.7 
Voltage Rise (%) 18 34 46.3 
Bearing fo rce  i s  very  important  from a r e l i a b i l i t y  s t andpo in t  
s i n c e  gas bear ings  w i l l  be used i n  the  t u rboa l t e rna to r .  Notice 
how the  bear ing  fo rce  decreases  a s  the number of s l o t s  i n c r e a s e .  
A l a r g e r  number of s l o t s  r e s u l t s  i n  more t u rns  i n  the s t a t o r  
winding and thus a  lower f l u x  dens i ty  i n  the a i r  gap f o r  a  
g iven  s t a t o r  l eng th .  Since bearing fo rce  i s  p ropor t i ona l  t o  
the  square of the f l u x  d e n s i t y  i t  n a t u r a l l y  w i l l  decrease  a s  
s l o t s  i nc rease .  A l a r g e r  number of s l o t s  , however, has a  
de t r imen ta l  e f f e c t  on both e f f i c i e n c y  and power q u a l i t y .  
Since more t u rns  a r e  i n  the  s t a t o r  winding copper l o s s  i nc reases  
and thus e f f i c i e n c y  goes down. Machine reac tance  v a r i e s  a s  
the square of the s t a t o r  t u r n s ,  and thus i nc reases  f o r  the  
l a r g e r  s l o t  des igns  r e s u l t i n g  i n  h igher  vol tage  r i s e s  on 
removal of load .  A glance a t  the  d a t a  shows t h a t  a  s i x t y  s l o t  
de s ign  has l i t t l e  hope of meeting the  s p e c i f i c a t i o n  on vo l t age  
r i s e  of 36.4 percent  and t h a t  the ca l cu l a t ed  e f f i c i e n c y  i s  no t  
much g r e a t e r  than the  des ign  goa l  of 90 percent .  On the o t h e r  
band, the 36 s l o t  des ign  r e s u l t s  i n  q u i t e  a  l a rge  bear ing  f o r c e  
bu t  cons iderably  b e t t e r  power q u a l i t y .  Based on the above 
reasoning,  the 48 s l o t  con f igu ra t ion  was chosen s i n c e  i t  
o f f e r ed  the b e s t  o v e r a l l  des ign  c o n s i s t e n t  wi th  the p r i o r i t i e s  
mentioned previous ly  . 
Since bearing f o r c e s  play such a v i t a l  r o l e  i n  the  r e l i a b i l i t y  
of the  t u r b o a l t e r n a t o r  they ve re  ca l cu l a t ed  by f o u r  d i f f e r e n t  
means a s  shown i n  Figure 28 . Resul t s  va r i ed  s i g n i f i c a n t l y  
between au thors  but  the l a r g e r  va lues  were used i n  t he  c a l c u l a t i o n .  
I t  was a l s o  assumed t h a t  t he  bearing fo rce  va r i ed  i nve r se ly  
p ropor t i ona l  t o  the number of c i r c u i t s  i n  the machine and t h a t  
s a t u r a t i o n  f u r t h e r  reduced the  bear ing  fo rce .  Due t o  the  
u n c e r t a i n t y  of the c a l c u l a t i o n s ,  a bear ing  fo rce  program was 
i n i t i a t e d  by NASA t o  more f u l l y  understand the  na tu re  of these 
f o r c e s  and i n  p a r t i c u l a r  the t i n e  v a r i e n t  terms, 
b. A i r  gap des ign  
The a i r  gap i n  the  Brayton Cycle A l t e r n a t o r  i s  r e l a t i v e l y  l a rge  
f o r  a 15 KVA machine opera t ing  a t  l2 ,000 rpm, b u t  the fol lowing 
des ign  c r i t e r i a  d i c t a t e d  a l a rge  gap: 
1. Pole f a c e  l o s se s  
2 .  Bearing f o r c e s  
3 .  Reactances 
The a i r  gap length  has a very  s i g n i f i c a n t  e f f e c t  on both components 
of po le  f a c e  l o s se s ;  namely, the  no load l o s s  caused by the presence 
of s t a t o r  t e e t h  and the load l o s s  r e s u l t i n g  from the  va r ious  harmonics 
i n  the armature r eac t ion  wave. Large a i r  gaps r e s u l t  i n  h igh  a ir  
gap r e luc t ances  and a s  a consequence sma l l e r  vo l t age  induct ion  i n  
t he  pole  f ace .  Large a i r  gaps a l s o  reduce the n e t  magnetic unbalance 
s i n c e  t h i s  f o r c e  i s  p ropor t i ona l  t o  the r a t i o  of the  r o t o r  e c c e n t r i c i t y  
t o  the  a i r  gap. I n  o t h e r  words, a given amount of e c c e n t r i c i t y  has 
f a r  l e s s  e f f e c t  on a l a r g e  a i r  gap than on a smal l .  The machine 
reac tances  a r e  a l s o  a f f e c t e d  by the gap and decrease  as the  gap 
inc reases  thus  improving power q u a l i t y .  Therefore,  a l a r g e  a i r  
gap improves a l l  t h r ee  of the above des ign  c r i t e r i a .  
The main disadvantage of a l a rge  a i r  gap i s  increased a i r  gap ampere 
t u rns  which can r e s u l t  i n  a v e r y  l a r g e  f i e l d  c o i l  which i n  t u r n  
a f f e c t s  bo th  the e f f i c i e n c y  and the power q u a l i t y  of the machine. 
However, c l o s e  a t t e n t i o n  t o  d e t a i l  r e s u l t e d  i n  a good compromise 
and t e s t  r e s u l t s  i n d i c a t e  t h a t  a proper  choice of a i r  gap @.04@) was made. 
c .  Conductor s i z e  des ign  
Both the  f i e l d  and s t a t o r  winding conductor s i z e  were d i c t a t e d  
p r imar i l y  by the amount of copper l o s s  t h a t  was permiss ib le  f o r  
the  s p e c i f i e d  e f f i c i e n c y .  Other machine parameters t h a t  a r e  
important  inc lude  the  s t a t o r  and f i e l d  leakage reac tances .  Copper 
s i z e  determines t he  depth of the s l o t  and a l s o  the depth  of the  
f i e l d  c o i l  which i n  t u rn  a f f e c t s  the  leakgge reac tances .  Therefore,  
copper s i z e  i s  a compromise between e f f i c i e n c y  and power q u a l i t y ,  
b u t  f o r  the Brayton Cycle Al te rna ts  r e f f i c i e n c y  was g iven  the h ighes t  
p r i o r i t y .  
The Brayton Cycle A l t e rna to r  has 48 s t a t o r  c o i l s  with each c o i l  
having fou r  t u rns .  Each turn  is made up of two s t r a n d s  of .14 X 
.025 enameled polyimide wi re .  The conductor has been s t randed  and 
i s  placed f l a t  i n  the  s l o t  i n  o rde r  t o  reduce the  deep ba r  l o s s .  
A c ros s  s e c t i o n a l  view of one s t a t o r  s l o t  and the  i a s u l a t i o n  system 
i s  shown i n  Figure 29 .  
The f i e l d  c o i l  conductor i s  w d e  from .0571 inch  diameter  enameled 
polyimide round wi re  and c o n s i s t s  of 520 tu rns .  This  conductor  
s i z e  was chosen a s  the b e s t  compromise between e f f i c i e n c y  and 
power q u a l i t y ,  Cross S e c t i o n a l  a r e a  of the c o i l  i s  1.1 inches  by 
2 .2  inches and the  amperes pe r  square inch i s  approximately 2500 
a t  f u l l  load. This  compares wi th  3100 amperes pe r  square inch  i n  
the  s t a t o r  conductors ,  both of which r ep re sen t  a  d r a s t i c  depa r tu re  
from s tandard  a i r c r a f t  p r a c t i c e  where the  amperes p e r  square inch  
may be 8000 and up. 
d .  Rotor diameter  des ign  
The r o t o r  diameter  was d i c t a t e d  by the  fol lowing t h r e e  f ac to r s :  
1, Windage l o s s  
2. Axial  f l u x  i n  the r o t o r  hub 
3 .  Rotor pole  s a l i e n c y  
Since windage l o s s e s  va ry  a t  a b ~ u t  he  f i f t h  power o f  the d iameter ,  
i t  w a s  ve ry  important  t h a t  the  diameter  be made a s  small as poss ib l e .  
However, r o t o r  a x i a l  f l u x  and r o t o r  pole s a l i e n c y  impose l i m i t a t i o n s  
on the amount by which the r o t o r  diameter  can be decreased.  S u f f i c i e n t  
a r ea  must be provided i n  the  r o t o r  hub s e c t i o n  s o  t h a t  the inductor  
DC f l u x  can be c a r r i e d  adequate ly  wi thout  s a t u r a t i n g  t h i s  member. 
Output of an inductor  a l t e r n a t o r  i s  a f f ec t ed  by the amount of r o t o r  
s a l i e n c y  p re sen t  which i n  t u rn  is  a  func t ion  of the r a t i o  of r o t o r  
s l o t  depth to  a i r  gap length .  This r a t i o  should be maintained a t  
about  25 t o  1, and thus w i th  a  l a rge  a i r  gap the  r o t o r  s l o t  depth  be- 
comes deep and a f f e c t s  the r o t o r  diameter .  A l l  of the above f a c t o r s  
were taken i n t o  account  i n  a r r i v i n g  a t  the r o t o r  o u t s i d e  d iameter  of 
5  .2 inches . 
e  . Pole f ace  l o s s  des ign  
Pole f ace  l o s se s  i n  the r o t o r  a r e  caused by two components, the  
no load Loss and the  load l o s s .  The no load l o s s  i s  generated by 
the  presence of s t a t o r  t e e t h ,  and is a  func t ion  of t he  s t a t o r  s l o t  
opening and the  a i r  gap. The l a t t e r  has been d iscussed  i n  (b) .  
I f  the  s t a t o r  s l o t  opening i s  made l a r g e ,  i t  r e s u l t s  i n  a  l a r g e  
v a r i a t i o n  i n  f l u x  d e n s i t y  along the pole su r f ace  and inc reases  t he  
l o s s .  Thus the  s l o t  opening was made a s  small  a s  pos s ib l e  and 
becarite a  func t ion  of the s t a t o r  conductor w i r e  s i z e .  It w a s  set  
a t  .065 inches which permit ted the passage of one conductor s t r a n d  
a t  a  time. 
The load pole f ace  l o s s  i s  caused by the harmonics e x i s t i n g  i n  t he  
armature r e a c t i o n  wave. These harmonics t r a v e l  a t  a  speed o t h e r  
than  t h a t  of the  r o t o r  and thus produce l o s s e s  i n  t h e  pole f aces .  
I f  a  f r a c t i o n a l  s l o t  des ign  i s  used, even a s  we l l  as  odd harmonics 
e x i s t .  I n  p a r t i c u l a r ,  the  second and fou r th  harmonics a r e  u s u a l l y  
ve ry  l a rge  and can cause severe  pole face  l o s se s .  Therefore,  an 
i n t e g r a l  s l o t  pe r  po le  des ign  w a s  used i n  o rde r  t o  e l i m i n a t e  a l l  
even harmonics. Sec t ion  VI shows output  s h e e t  from the  computer 
run  t h a t  ca l cu l a t ed  the  load pole f a c e  l o s s .  No-load pole  face  l o s s  
i s  c a l c u l a t e d  from an equat ion  by Gibbs (Reference 3), 
T o t a l  po le  face  l o s s  i s  obtained by adding the no load l o s s  t o  t he  
load  l o s s .  Pavious experience has shown t h a t  the  t e s t  po le  f a c e  
l o s s e s  a r e  about  double the  c a l c u l a t e d  l o s s e s  and the re fo re  t he  
Brayton Cycle c a l c u l a t e d  l o s s  was doubled. The equat ions  used f o r  
c a l c u l a t i n g  the  pole f a c e  l o s s  a r e  a l l  based on a s o l i d  pole  
con f igu ra t ion .  Since laminated pole t i p s  were used, the s o l i d  
pole  t i p  l o s s  was a r b i t r a r i l y  d iv ided  by t h r e e  t o  o b t a i n  the f i n a l  
l o s s .  This  number i s  conserva t ive  s i n c e  previous t e s t s  by 
General  E l e c t r i c  on many machines i nd i ca t ed  the  r a t i o  between 
s o l i d  and laminated l o s s e s  t o  be g r e a t e r .  However, t he  a r e a  of po le  
f a c e  l o s s  i n  both the  c a l c u l a t i o n  procedures and experimental  
methods leaves  much t o  be des i r ed  and more work i s  d e f i n i t e l y  needed. 
f . Machine parameters  
A l i s t  of  the  var ious  machine parameters ,  f l u x  d e n s i t i e s ,  and l o s s e s  
i s  g iven  i n  Table I V .  
2. Mechanical des ign  
a .  Rotor  des ign  
I n i t i a l  des ign  of t he  r o t o r  envisioned the  use of r o t o r  punchings 
he ld  i n  p lace  on the  s o l i d  r o t o r  hub by e i t h e r  an i n t e r f e r e n c e  f i t ,  
keying, o r  a combination of both. Such a des ign  is easy  t o  assemble 
and f a c i l i t a t e s  the placement of the  amor t i sseur  winding. However, 
s i n c e  a yoke is  needed t o  hold the  punchings toge ther ,  t h i s  p a r t i c u l a r  
des ign  r e s u l t e d  i n  a g r e a t e r  r o t o r  diameter  and thus a g r e a t e r  windage 
l o s s .  I n  o rde r  t o  r e t a i n  the  laminated pole t i p  s t r u c t u r e  and 
e l i m i n a t e  the r o t o r  yoke, the  pole t i p s  were e l e c t r o n  beam welded 
on to  the s o l i d  r o t o r  hub. A f u l l  r e p o r t  on the development of t h i s  
technique i s  given i n  Sec t ion  VII1,but i n  b r i e f  the  manufacturing 
procedure i s  a s  fol lows:  
1. Stack  t h e  punchings and l a y  a s e a l a n t  weld on the s u r f a c e  t o  
be e l e c t r o n  beam welded. 
2.  Machine t he  s e a l a n t  weld t o  a f i n a l  dimension. 
3.  place  the  pole t i p  on the  r o t o r  and e l e c t r o n  beam weld. 
A s e a l a n t  weld i s  necessary  on the  bottom of the pole t i p s  i n  
o r d e r  t o  keep the  s i l i c o n e  and oxide of t h e  e l e c t r i c a l  s h e e t  s t e e l  
from pene t r a t i ng  i n t o  the  e l e c t r o n  beam welded a r e a .  I f  t h i s  should 
happen, gas bubbles r e s u l t  and t h e  weld i s  f i l l e d  w i th  po ros i ty .  
The e l e c t r o n  beam can pene t r a t e  about  1 and 114 inches and t h e r e f o r e  
two passes  a r e  needed i n  o rde r  t o  weld the  two inch  pole  f ace  t o  t he  
r o t o r .  I n t e g r i t y  of weld i s  determined by X-raying a t  90 degree 
ang le s  i n  o rde r  t o  determine the amount of p o r o s i t y  p re sen t .  Some 
poros i ty  always e x i s t s ,  b u t  i f  i t  i s  small  i n  s i z e  and w e l l  
d i s t r i b u t e d ,  the weld i s  accep tab l e ,  A f u r t h e r  check on weld 
i n t e g r i t y  was done by s p i n  t e s t i n g  the r o t o r  a t  20,000 rpm and a t  
a  temperature of 500 degrees F .  F igure  31 shows the  t u r b o a l t e r n a t o r  
r o t o r  and laminated pole t i p s  p r i o r  to  e l e c t r o n  beam welding. 
The amor t i sseur  bars  and copper end p l a t e s  a r e  made from zirconium 
copper i n  o rde r  t o  reduce the  c r eep  over the 10,000 hour l i f e .  
Zirconium copper  a t  300 C has a  c reep  s t r e s s  of approximately 35,000 
p s i .  The amort isseur  bars  a r e  welded to  the copper end p l a t e  and 
then t h i s  subassembly machined p r i o r  t o  f i t t i n g  of t he  s t a i n l e s s  
s t e e l  r e t a i n e r s .  Reta iners  must be used i n  o rde r  t o  keep the  copper 
end punchings from moving outward due t o  c e n t r i f u g a l  fo rce .  On the  
outboard ends of the r o t o r ,  the  r e t a i n e r s  a l s o  a c t  a c t  a s  windage 
b a f f l e s  and a r e  made from Type 321 s t a i n l e s s  s t e e l  s o  a s  t o  decrease  
the  f l u x  leakage from s t a t o r  t o  r o t o r .  The r e t a i n e r s  a r e  he ld  i n  
p lace  by a  r i v e t  through each pole whose ends a r e  welded t o  the 
r e t a i n e r s .  F u r t h e r  suppor t  i s  a£  f  orded by welding the  r e t a i n e r s  
d i r e c t l y  to  the  r o t o r  s t r u c t u r e  . 
b .  S t a t o r  mechanical des ign  
(1) Core cons t ruc t ion  
The s t a t o r  cores  a r e  made from .007 inch  e l e c t r i c a l  s h e e t  s t e e l  
because t h i s  p a r t i c u l a r  s t e e l  has a  very  low co re  l o s s  pe r  pound. 
The s t a t o r  s l o t  i s  overhung t o  keep no load pole f ace  l o s s  t o  
a  minimum. The s t a t o r  cores  a r e  held toge ther  by s i x  equa l ly  
spaced welds around the  o u t e r  diameter of the core .  These 
welds a r e  supplemented by s i x  a d d i t i o n a l  bars  a l s o  equa l ly  
spaced and welded t o  the end of each core .  The cores  a r e  then 
placed i n  Novolac i n s u l a t i o n  compound which pene t r a t e s  between 
the  laminat ions and a c t s  a s  a d d i t i o n a l  i n t e r l amine r  i n s u l a t i o n  
and a l s o  a s  a  bonding agent .  When the Novolac compound i s  
cured,  the r e s u l t  i s  a  very  f i rm  and s tu rdy  core .  I n s u l a t i o n  
punchings a r e  bonded t o  the end of the s t a t o r  cores  t o  prevent  
damage t o  the s t a t o r  winding a s  i t  e x i t s  from the  core and 
begins i t s  bend. The s t a t o r  cores a l s o  have a  s t e e l  r i n g  
a t t ached  near  the o u t e r  diameter which is  used t o  weld the 
core t o  the i n s ide  of the s t a t o r  frame. 
(2) F i e l d  c o i l  
F i e l d  c o i l  cons t ruc t ion  begins wi th  a  spun copper can i n t o  
which round enameled polyimide wire i s  wound. Before winding, 
polyimide g l a s s  i n s u l a t i o n  is placed on the  i n s i d e  of the can t o  
i n s u l a t e  the f i e l d  wire  from ground. The c o i l  i s  wound i n  
two (2)  p a r t s  a s  shown i n  Figure 30, and polyimide g l a s s  in-  
s u l a t i o n  placed between the  two c o i l  ha lves .  This  method of 
winding al lows both ends of the f i e l d  c o i l  t o  e x i t  a t  the  
top and e l imina t e s  the need to bring one of the leads  up the 
s i d e  of  the c o i l .  The c o i l  is wound us ing  epoxy i n s u l a t i o n  which 
is  then baked and cured. Af t e r  t he  winding is  i n  p l a c e ,  i n su la -  
t i o n  is wrapped around t h e  o u t e r  diameter of t he  c o i l  and t h e  ends 
of  t h e  copper can a r e  ben t  inward. I n  o rde r  t o  provide good h e a t  
t r a n s f e r  t o  the  frame inne r  diameter ,  copper w i r e  is  wound on t h e  
c o i l  ou te r  diameter and h e l d  f i rmly  i n  p l ace  by a h igh  temperature 
s o l d e r .  One l a y e r  of copper w i r e  is  l a i d  a t  a time and then t h e  
dfameter machined f l a t  pelsicitting t h e  next  l a y e r  t o  be  wound i n  a 
very p r e c i s e  manner. Enough copper is  l a i d  on t h e  f i e l d  c o i l  u n t i l  
the  f i n i s h  dimension is reached. This dimension i s  about 4 mils 
l e s s  than t h a t  of t he  frame i n n e r  diameter  and al lows f o r  d i f f e ren -  
t i a l  expansion between t h e  copper and t h e  ingo t  i r o n  frame. A t  
opera t ing  temperatures,  t h e  f i e l d  c o i l  expands more than t h e  frame 
and is he ld  f i rmly  i n  p o s i t i o n  aga ins t  the  frame provid ing  an ex- 
c e l l e n t  hea t  t r a n s f e r  pa th  f o r  t h e  f i e l d  c o i l  w a t t s .  A f i n i s h e d  
f i e l d  c o i l  is  shawn i n  Figure 32. Figure 30 a l s o  shows t h e  f i e l d  
c o i l  i n s u l a t i o n  sys  t e m .  
(3)  S t a t o r  winding 
The s t a t o r  winding c o n s i s t s  of twelve groups of c o i l s ,  each group 
conta in ing  four  c o i l s .  A p i c t u r e  of one of t hese  groups i s  shown 
i n  Figure 33. The c o i l  d i f f e r s  from t h e  conventional  diamond 
shaped c o i l  i n  t h a t  no t w i s t  occurs on e i t h e r  end of the  winding, 
and the  rec tangular  w i re  i s  placed f l a t  i n  t h e  s l o t  r a t h e r  than 
s t and ing  on end. Such an arrangement kaeps deep b a r  l o s s e s  t o  a  
minimum and inc reases  the  e f f i c i e n c y  of t he  machine. 
The c o i l s  a r e  i n s e r t e d  i n t o  the  s l o t s  from the  bore  of t he  machine 
s t r a n d  by s t r and .  I n  order  t o  i n s e r t  t h e  s t r a n d  through t h e  .065 
i nch  s l o t  opening the  s t r a n d  is  bent  s l i g h t l y ,  i n s e r t e d ,  and then  
rebent  t o  i t s  o r i g i n a l  pos i t i on .  This  process is somewhat time 
consuming but  worked very w e l l  i n  manufacturing. 
Af t e r  t he  c o i l s  a r e  i n s e r t e d ,  they a r e  immediately impregnated 
wi th  Novolac epoxy which se rves  a s  both a mechanical suppor t  and 
a l s o  a s  a  h e a t  t r a n s f e r  agent .  The s t a t o r  i n s u l a t i o n  system i s  
given i n  Figure 29. 
Before t h e  s t a t o r  winding i s  i n s e r t e d ,  t he  f i e l d  c o i l  and s t a t o r  
cores a r e  assembled i n t o  a  dummy frame a s  shown i n  Figure 34. A 
dummy frame r a t h e r  than the  a c t u a l  frame is  used s i n c e  c o i l  i n s e r -  
t i o n  is g rea t ly  f a c i l i t a t e d .  Af ter  t h e  winding is  complete, t h e  
s t a t o r  core and f i e l d  c o i l  assembly is placed on an a rbo r ,  t h e  
dummy frame removed, and t h e  ou t s ide  diameter of t he  cores f i n i s h e d .  
A photograph of t h e  f i n i s h e d  assembly is shown i n  Figure 35. 
(4) Coolant passages 
The a l t e r n a t o r  is cooled by a l i q u i d  t h a t  flows i n  t e n  circum- 
f e r e n t i a l  paths machined i n t o  t h e  o u t e r  diameter of t h e  
frame. Coolant flow e n t e r s  a  l a r g e  header and is  d i s t r i b u t e d  
equa l ly  i n t o  f i v e  of the c i r cumfe ren t i a l  grooves. The coolant  
flow s p l i t s  i n t o  two paths on en te r ing  each groove wi th  each 
pa th  comprising 112 of the frame circumference. The pa ths  
meet 180' around the machine and the coolant  e x i t s  i n t o  another  
header where i t  i s  c a r r i e d  a x i a l l y  t o  the next  f i v e  c i r cumfe ren t i a l  
grooves. Here the coolant  aga in  s p l i t s  i n t o  two pa ths  and 
even tua l ly  comes together  and e x i t s  a t  the e x i t  header.  An 
o u t l i n e  of the coolant  system and the ca l cu la t ed  pressure  drop 
i s  shown i n  Figure  36 
The coo lan t  pa ths  a r e  enclosed by an  inconel  shroud which 
has an i n t e r f e r e n c e  f i t  of 3 t o  4 m i l s  wi th  the  frame. 
Inconel  was chosen s ince  i ts c o e f f i c i e n t  of expansion very  
nea r ly  equals  t h a t  of the ingot  i r o n  frame, and a l s o  because it 
has very  good corros ion  r e s i s t ance .  The headers  a r e  made from 
s t a i n l e s s  Type 304 and a r e  welded t o  the Inconel shroud. 
Corrosion of the coolant  grooves i n  the ingo t  i r o n  frame i s  
prevented by a n i c k e l  p l a t i n g  of the  grooves. This  i s  done 
by the Kanigen* process and was chosen because i t  c r e a t e s  a 
very  uniform p l a t i n g  on the su r f ace  and thus r equ i r e s  no machining 
a f t e r  p l a t i n g .  The shroud and n i c k e l  coated frame a r e  shown 
i n  Figure  37 and a s  assembled i n  F igure  38 
(5) Frame f l anges  
The frame f l anges  a r e  made from 4140 s t e e 1  and were welded to  
the ingo t  i r o n  frame. The f lange  ma te r i a l  i s  d i f f e r e n t  from 
the frame s ince  a Rockwell C-26 hardness was requi red  on the 
rabbets  and f aces  of the f lange  t o  prevent  wearing. The 
hardness i s  obtained by hea t ing  the 4140 t o  about  1 6 0 0 ° ~  
and then  al lowing i t  t o  a i r  cool .  During the manufacturing s t a g e ,  
weld po ros i ty  w a s  a continuing problem i n  the frame-flange 
weld. Each weld requi red  s e v e r a l  at tempts before  a po ros i ty  
f r e e  weld was obtained.  The d r ive  end f lange  i s  welded t o  the 
ingo t  i r o n  frame before  the coolant  grooves a r e  machined. 
However, the  a n t i  d r ive  end f lange  must be welded t o  the frame 
a f t e r  t he  shroud assembly has been shrunk i n  p lace  and welded t o  
the frame. Weld problems were a l s o  encountered i n  making the 
Inconel shroud t o  ingo t  i r o n  frame weld i n  t h a t  cracking 
occurred during the welding process.  This  was f i n a l l y  t raced  
to  a p r e s t r e s s  i n  the Inconel  shroud and was e l iminated  on 
l a t e r  u n i t s  by annealing the shroud p r i o r  t o  welding. The 
above problems a r e  covered i n  more d e t a i l  i n  Paragraph C of 
t h i s  Sec t ion .  
( 6 )  Terminal con f igu ra t ion  
A f t e r  the  frame shroud assembly i s  complete, the s t a t o r  winding 
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i s  removed from t h e  dummy frame and shrunk i n t o  t h i s  assembly. 
The s t a t o r  cores  a r e  t a c k  welded t o  the frame and the  power 
l eads  welded t o  the  c o i l  connect ions.  These power l eads  a r e  
a l s o  welded t o  hermetic  te rmina ls  which i n  t u r n  a r e  welded 
t o  the f r a m .  Since t he  a l t e r n a t o r  must opera te  a t  a p r e s su re  
l e s s  than atmospheric ,  hermetic  s e a l i n g  i s  requi red .  I n  o rde r  
to preserve  t h e  i n t e g r i t y  of t h i s  s e a l ,  a second s e r i e s  of 
te rmina ls  i s  provided t o  which load leads  can be connected. 
Connections between the  s o  c a l l e d  "s tand-of f" te rmina ls  and 
the  hermetic  te rmina ls  a r e  made by two $110 braided copper 
w i r e s  which provide the requi red  amount of f l e x i b i l i t y .  The 
te rmina l  con f igu ra t ion  i s  p ro t ec t ed  by s t e e l  p l a t e s  and covers .  
A gang channel  i s  a l s o  provided on the i n s i d e  of one of these  
p r o t e c t i v e  p l a t e s  s o  t h a t  the s t a t o r  can be a t t ached  t o  the  
end s h i e l d  wi thout  using wrenches o r  o t h e r  t o o l s  nea r  the  
hermet ic  te rmina ls .  F igure  39 shows the te rmina l  con f igu ra t ion .  
( 7 )  Machining to l e r ances  and c o n c e n t r i c i t i e s  
The s t a t o r  to le rances  on r abbe t  diameters  a r e  he ld  t o  0.0004" 
and on the  bore diameter  t o  0.002". Concent r ic i ty  between the 
frame r abbe t s  and the s t a t o r  bore must be 0.001" TIR. Such 
t i g h t  to le rances  and c o n c e n t r i c i t i e s  a r e  achieved by machining 
and gr inding  the  s t a t o r  bore, r abbe t s ,  and f l ange  f a c e s  
a f t e r  a l l  windings and connect ions a r e  i n  p lace  o r  have been 
made. I n  order  t o  prevent  metal  ch ips  from being embedded i n  t he  
winding, the  e n t i r e  s t a t o r  winding i s  incased i n  wax p r i o r  t o  
any metal  working opera t ions .  Af t e r  the machining i s  f i n i s h e d ,  
t he  wax i s  cleaned and melted o u t  a t  a very  low temperature and 
then  the  e n t i r e  s t a t o r  wound cleaned i n  an u l t r a s o n i c  c l eane r .  
( c )  End Sh ie ld s  
Each end s h i e l d  i s  made from a s i n g l e  p iece  of s t a i n l e s s  Type 304 
s t e e l .  The end s h i e l d s  must be made from nonmagnetic m a t e r i a l  i n  
o rde r  no t  t o  s h o r t  c i r c u i t  the f l u x  pa th  ac ros s  the a i r  gap. 
S t a i n l e s s  Type 304 was chosen s i n c e  i t  has r e l a t i v e l y  good welding 
p r o p e r t i e s .  During the manufacturing process ,  ho les  a r e  d r i l l e d  
i n t o  the end s h i e l d  t o  s e rve  a s  o i l  channels o r  b rea the r  ho l e s .  
I n  some cases ,  these must be plugged wi th  s t a i n l e s s  s t ee l  plugs 
and then welded. Thus the  need f o r  a good weldable s t a i n l e s s  s t e e l .  
The bear ing  c a v i t y  b rea the r  passages and the o i l  passages a l l  e x i t  
through conoseal f l anges  which a r e  welded i n t o  the end s h i e l d .  
This  type of f lange  provides a good r e l i a b l e  connect ion between the  
machine and any connecting tubing. The frame rabbet  of the  end 
s h i e l d  and the bear ing  housing inne r  diameter  a r e  he ld  t o  .0005 
inches  TIR. P i c tu re s  of the drive-end and an t i -d r ive  end end 
s h i e l d s  a r e  shown i n  F igures  12 and 13 of Sec t ion  I V .  
(d)  Bearing and Sea l  Design 
The u t i l i z e s  two Conrad Type 203 bearings and th ree  f ace  type 
r o t a t i n g  s e a l s .  Two of these s e a l s  a r e  loca ted  on the  d r i v e  end 
and the  t h i r d  i s  on the  inboard s i d e  of the a n t i - d r i v e  end. O i l  
is  suppl ied  t o  the  d r i v e  end bear ing  on i t s  outboard s i d e  by a 
0.030 inch  j e t  opening. Another j e t  opening of 0.030 inches i s  
a l s o  provided on the  inboard s i d e  i n  o rde r  t o  cool  t h e  inboard 
s e a l .  O i l  e x i t s  from the bearing c a v i t y  by g r a v i t y  i n t o  a chamber 
which i s  150 times the  a r e a  of the  j e t s .  The a n t i  d r i v e  end 
bear ing  i s  l u b r i c a t e d  by a 0.042 inch  j e t  on the  inboard s ide .  
The outboard s i d e  of t h i s  bear ing  i s  capped and sea l ed  and o i l  
e x i t s  from t h i s  bear ing  i n  a manner s i m i l a r  t o  the  d r i v e  end. 
A p re s su re  of 15 p s i  appl ied  t o  e i t h e r  bear ing  w i l l  provide 
approximately 1 pound per  minute of f low t o  each bear ing  i f  7808 
o i l  is used. An i n d i c a t i o n  of bear ing  temperatures  i s  provided 
by thermocouples loca ted  i n  the bear ing  and s e a l  c a r t r i d g e s .  These 
a r e  shown i n  F igu re s  40 and 41  which a l s o  shows the bear ing  and 
s e a l  con f igu ra t ion .  An a x i a l  preload of about  25 pounds i s  provided 
by us ing  shims and a wavy washer. The wavy washer i s  placed on 
the  d r i v e  end bear ing  which is f r e e  t o  f l o a t  a x i a l l y  whereas t he  
a n t i - d r i v e  end bear ing  i s  locked f i rmly  i n  p lace .  
e .  A l t e r n a t o r  Assembly 
A s p e c i a l  assembly f i x t u r e  was made f o r  assembling the  ARP. The 
r o t o r  is  f i r s t  placed i n  t h i s  assembly f i x t u r e  and then the  a n t i -  
d r i v e  end end s h i e l d  pu t  i n  p lace .  Sea l ,  bear ing ,  and cap a r e  
then assembled i n t o  the an t ipd r ive  end end s h i e l d  and the cap 
bo l t ed  f i rmly .  The r o t o r  end s h i e l d  assembly i s  then removed from 
the  f i x t u r e  and placed i n t o  the s t a t o r  frame and bo l t ed .  A f t e r  
p lac ing  wedges between the  r o t o r  and the  s t a t o r  bore,  t h i s  assembly 
is turned on end and then the drive-end end s h i e l d  a t t ached .  F i n a l  
assembly inc ludes  placement of the inboard s e a l  bear ing  and then 
the  outboard s e a l .  D e t a i l s  of the complete assembly process a r e  
g iven  i n  Engineering I n s t r u c t i o n  7 18A303JF which is included i n  
Sec t ion  MI1 aE t h i s  r e p o r t  . 
3. Thermal Design 
a .  S t a t o r  and f i e l d  c o i l  temperature c a l c u l a t i o n s  
The s t a t o r  and f i e l d  c o i l  temperatures were determined by using a 
lumped parameter system and s e t t i n g  up an equ iva l en t  thermal c i r c u i t  
f o r  the system. F igu re  42 g ives  the r e s u l t s  of the  temperature 
c a l c u l a t i o n  which i s  given i n  d e t a i l  i n  the  des ign  c a l c u l a t i o n s  and 
a n a l y s i s  po r t i on  of t h i s  s e c t i o n .  This d e t a i l e d  c a l c u l a t i o n  a l s o  
inc ludes  a &I-1 ana lys i s  of the coolant  system. The s t a t o r  and f i e l d  
temperatures  a r e  we l l  below the spec i f i ed  l i m i t  of 180'~.  Tes t  
temperatures  a r e  a l s o  shown i n  F igure  42 and compare reasonably we l l  
w i th  c a l c u l a t i o n s .  Since the thermocouples were e l e c t r i c a l l y  i n su l a t ed  
from the  a c t u a l  copper, they should read somewhat lower than the copper 
i t s e l f .  
b .  A i r  Gap and Rotor Temperature Calcula t ions  
These temperature c a l c u l a t i o n s  were a l s o  done by us ing  a lumped 
parameter system and the  r e s u l t s  a r e  given i n  F igure  43. A complete 
d e t a i l e d  a n a l y s i s  is given l a t e r  i n  t h i s  s e c t i o n .  
4.  Manufacturing Problems 
a .  S t a t o r  winding 
During cons t ruc t ion  of the In-House ARP, a phase t o  phase winding 
f a i l u r e  occurred i n  the s l o t s  of the machine. This f a i l u r e  was 
t raced  t o  c o i l  damage dur ing  the  forming process and t o  con- 
taminat ion r e s u l t i n g  from the  connect ion welding process ,  
Correc t ive  a c t i o n  included po l i sh ing  the  c o i l  winding f i x t u r e  
and changing the s t a t o r  winding process t o  incorpora te  impregnat ion 
of the s l o t s  immediately fo l lowing  the  c o i l  i n s e r t i o n .  This 
l a t t e r  a c t i o n  prevented any of the  water-alcohol  mixture used 
i n  the welding ope ra t ion  from flowing i n t o  the s l o t s ,  c a r ry ing  
wi th  i t  poss ib l e  contaminants.  Epoxy was a l s o  placed a t  the  
p o i n t  where the s t a t o r  c o i l s  e x i t  from the  s t a t o r  core so  a s  
t o  s e a l  the s t a t o r  s l o t s  from any contaminat ion.  The epoxy 
placed between the  s t a t o r  co re s  serves  t h i s  func t ion  on the  
inboard s i d e .  An a d d i t i o n a l  .003 inches of polyimide f i l m  
i n s u l a t i o n  was a l s o  placed around one of the c o i l s  t o  provide 
a d d i t i o n a l  phase t o  phase i n s u l a t i o n  p ro t ec t ion .  
b . Frame-Flange weld 
As mentioned previous ly ,  problems i n  the form of p o r o s i t y  
occurred i n  the  4140 to  i ngo t  i r o n  weld. The q u a l i t y  of weld 
here  i s  spec i f i ed  a s  Standard ill of MIL-R-11468 and was 
s p e c i f i e d  a s  such t o  provide a very  high degree of r e l i a b i l i t y .  
Since the  weld i s  f a i r l y  t h i c k  (314 inch)  i t  i s  d i f f i c u l t  t o  
achieve the po ros i ty  f r e e  weld on the  f i r s t  a t tempt .  Both 
machine welding and hand welding were i nves t iga t ed  and i t  was 
determined t h a t  hand welding gave the b e t t e r  r e s u l t s  . However, 
i n i t i a l  X-rays u sua l ly  i n d i c a t e  some degree of p o r o s i t y  which 
must be removed by e i t h e r  g r ind ing  o r  machining and then r e -  
welding. This technique must be repeated a s  many times a s  i t  
i s  requi red  t o  e l imina t e  the  po ros i ty  from the  weld. As a 
r e s u l t ,  the manufacturing cyc l e  on the frames i s  long fo rc ing  
these  components t o  become the  c r i t i c a l  i tem i n  the o v e r a l l  
manufacturing process .  
c . Shroud-frame weld 
Considerable d i f f i c u l t y  was encountered i n  achieving a good 
weld between the Inconel  shroud and the frame. The problem 
was t raced  t o  a p r e s t r e s s  e x i s t i n g  i n  the shroud. Very 
succes s fu l  welds were obta ined  by anneal ing the shrouds p r i o r  
t o  welding. 
d .  E l ec t ron  Beam Welding of Laminated Pole Tips 
Problems experienced wi th  e l e c t r o n  beam welding of laminated 
pole t i p s  to  a s o l i d  r o t o r  a r e  covered i n  Appendix g .  
PRELIMINARY DESIGN 
TRADE-OFF DATA 
S l o t s  
Rotor O.D. 
Gap 
Height  of I r o n  
Stack  Separa t ion  
A - RELIABILITY CONSIDERATIONS: 
Rotor W t - Electromagnetic  
(Pounds) 17.1 
A i r  Gap Densi ty 
( ~ i l o l i n e s / i n ~ )  40.6 
Bearing Force 
(Pounds /mi l )  4 .3  
S t a t o r  ~ m p s / ~ n s  2 
F i e l d  ~ m ~ s / I n s ~  
B - EFFICIENCY: 90.7% 








D - TOTAL WEIGHT 
EM (pounds) 63.4 
FIGURE 2 7 
42 
METHOD 
BEARING FORCE CALCULATION 
120 Vol t  P o i n t  
CENTURION1 (Ansaldo - San G io rg i e  B u l l e t i n )  
BEADLE (G .E . DF50MG-110) 
COVO (Westinghouse ALEE 54-413) 
PICOZZI (G.E . DF57M140) 
Use average of l a r g e r  va lue s  
F = 1 6 * 1 + 1 8 * 9  = 1 7 . 4 5 # / m i l .  (Unsaturated)  2 
Force (#/mil .  ) 
(Unsa tura ted)  
F . C ~  A i r  Gap Line Slope 
FIGURE 28 
PARTS LIST 
I tem Name S ize  Ma te r i a l  
S l o t  Coi l  .003" 
Separa tor  .OL5" 
Conductor 0 -14  X .025" 
S l o t  Liner  2 - 0.0055" 
Tops t i c k  0,050" 
S leeving  .040f' Dia 
Binding Wire AWG 14 
Ground I n s u l a t i o n  2 - 0.00551' 
Banding 0.006" 
I n s u l a t i o n  0.0055" 
Grommet 
Co i l  Separa tor  I n s u l a t i o n  0.010" 
Coi l  Box 0,030" 
Conductor .057lU 
Polyimide film 
S i l i c o n e  Glass 
Polyimide Enamel 
Polyimide f i l m  
Fosmed Poly imide 
Unsaturated F i b e r g l a s s  
Copper 
Polyimide Glass  
Copper 
Polyimide Glass  
S i l i c o n e  Glass  





(cROSS SECTION) FIGUW 30 




STATOR IN DUMMY FRAME FOR WINDING 
FIGURE 34 

COOLANT SYSTEM AND PRESSURE DROP 




Pressure  drop breakdown (Flow r a t e  = 10 lblmin.) 
Viscous drop i n  s l o t s  
Viscous drop i n  header  
Dynamic drops 
En t rance  
Turn & a c c e l e r a t i o n  i n t o  header  (2) 
Entrance t o  1/4" diameter  ho les  (2) 
Entrance & t u r n  i n t o  cool ing  passage (2) 
Turn & e x i t  i n t o  header (2) 
E x i t  from l a s t  header 
To ta l  p ressure  drop 
6,0800 p s i  
n e g l i g i b l e  
.0750 p s i  
n e g l i g i b l e  
.0508 p s i  
.0968 p s i  
n e g l i g i b l e  
.0744 p s i  







l.----l ITEM PART NAME 






Safe ty  Wire 
Sea l  Car t r idge  
Wavy Washer 
Brg. & Sea l  








End Shie ld  
Guard-Seal 
FIGURE 40 
BEARING ASSEMBLY DRIVE-END 

Thermocouples e l e c t r i c a l l y  i n su l a t ed  from p a r t s .  
Calculated (OC) Tes t  (OC) 
Drive End Anti-Drive End 
T1 ( s l o t  copper)  
T2 (sonductor under c o i l  can) 142.3 
T3 (end winding) 143.7 124 120 
T4 ( too th )  140.7 109 117 
T5 (yoke) 129.9 
T6 ( f i e l d  c o i l )  135.9 120 
T7 (frame) 113.9 
T8 (frame) 117. l loo* 
TG (Tooth su r f ace  a t  a i r  gap) 142.0 
T9 (average coo lan t )  104.2* 94,5*** 
Coolant Rise 8.4 3 
*Located on i n s i d e  d i a a e t e r  **lOOOc Coolant assumed 
**93O~ Coolant 
FIGURE 42 
STATOR AND FIELD lCEMPERA 
15 KVA 0.8 P.F. 
Ta ( S t a t o r  i n s i d e  d i a m t e r )  l6O.O* 
Tb (Ai r  gap) 219,O 
Tc (Pole  f a c e )  222.7 
Td (Rotor  p o l e )  219.5 
'Ee ( S h a f t )  175. O* 
Tf ( B a f f l e  gap)  354.8 
Tg ( S t a t i o n a r y  b a f f l e )  160. W 
FIGUW 43 
AIR GAP mD ROTOR n m M W W S  
15 KVA 0.8 P,F, 
* Assurned Boundary P o i n t s  
DESIGN CALCULATIONS AND ANALYSIS 
A. A l t e rna to r  
1. E l e c t r i c a l  Design Parameters 
The a l t e r n a t o r  des ign  parameters a r e  shown i n  Table EV where t he  
r e s i s t a n c e s ,  r eac t ances ,  and f l u x  d e n s i t i e s  have been c a l c u l a t e d  
by computer. 
2. S t a t o r  Thermal Analysis  
Consider the  fol lowing thermal equ iva l en t  c i r c u i t  f o r  the  s t a t o r .  
I 
COIL MEAN LENGTH OF TURN = 1.74 FT = 20.9 I N .  
276 To ta l  copper l o s s  = 276 wa t t s  o r  - = 138 wat t s lend  2 
44 por t i on  under e x c i t i n g  c o i l  = - 20.9 X 138 = 29.1 wa t t s  
p o r t i o n  i n  s l o t s  = 8- X 138 = 52.8 wa t t s  
20.9 
p o r t i o n  i n  end tu rns  = 138 - (52.8 + 29.1) = 56.1 wa t t s  
Losses i n  t e e t h  
2 From load loss - X 150 = 100 wa t t s  = 50 wat t s lend  3 
From co re  l o s s  4512 = 22.5 wat t s lend  
T o t a l  t oo th  loss lend  = 72.5 wa t t s  @ 
TABLE I V  
FINAL ALTERNATOR DESIGN PA 
A.  STATOR 
Turns pe r  Coi l  4 
E f f e c t i v e  Turns 26.55 
St rands  p e r  Turns 2 
C i r c u i t s  2 
C o i l  P i t c h  .667 
Res i s t anse  a t  1 6 0 ' ~  .0183 
per  u n i t  
Height  of I r o n  4 . 0" 
S l o t  P i t c h  
O.D. 
1 * B ,  
S l o t s  Skewed 
Yoke Thickness 
S l o t  Width 
S tack  Separa t ion  
S l o t s  
B .  ROTOR 
O.D. 5.2" Tooth Axial  Length 1.95" 
Hub Diameter 3.6" Tooth Axial  Separa t ion  2.2" 
Xooth Thickness 2.1" Pole Arc 2 .86" 
Weight (ARP) 20 l b s .  
Height  of I r o n  3 .9" 
C. FIELD 
O.D. 8.68" 
I . D .  6 .4811 
Turns 520 
Res is tance  a t  160°c 4.97 ohms 
D .  REACTANCES (PER UNIT) 
A i r  Gap 48.4 
Frame 75 
Rotor Hub 7 7 
Rotor Teeth 82 
S t a t o r  Teeth 89.7 
S t a t o r  Yoke 43 
F. EFFICIENCY (LOSSES I N  WATTS) 
LOSSES 
S t a t o r  Copper 
F i e l d  Copper 15 7 
Core Loss 190 
Windage (Argon a t  150 
6 p s i a )  
S t r a y  Load 113 
Pole Face 24.5 
E x c i t e r  Regulator  85 
To ta l  873.5 
G . WEIGHT 
15 KVA 





E f f i c i ency  91.15% 91.49% 
Losses i n  Yoke 
1 From s t r a y  load l o s s  - x 150 = 50 .;: 25 watts/end 3 
From core l o s s  = 158 = 79/end 
45 T o t a l  l o s s  i n  yoke = 104 wat t s lend  
To ta l  f i e l d  w a t t s  = 213 = 106.5 wat t lend  QF 0 
Windage = 150 wa t t s  t o t a l  
Pole face  = 40 wa t t s  t o t a l  
Assume a l l  l o s se s  absorbed by cool ing  f l u i d  
To ta l  l o s se s  = 1032 wa t t s  
Coolant used i s  GE s i l i c o n e  o i l  Versi lube F-50, 10 lb/min 
P rope r t i e s  from GE Technical  Data Book S-1OA 
O i l - i n  temperature = 1 0 0 ~ ~  
Cp = s p e c i f i c  h e a t  a t  100°c - 1 2 0 ' ~  3 .39 ~ t u / l b O ~  
- 12-32 w a t t  min. 
Temperature r i s e  of coo lan t  = 1032 wat t s  = 8.370C 
12.32 w a t t  min X 10 
lbOc  min 
Bulk temperature of f l u i d  = LOO + 8.37 = 104.2% = 2 1 9 . 8 0 ~ ,  say  2 2 0 0 ~  2 
Assume w a t t  temperature 7S 220°F + 2 0 ' ~  = 2 4 0 ~ ~  
P r o p e r t i e s  a t  220°F ( t b )  
.083 ~ t u / f  t /h r I0F .082 
.39 Btu lb°F I .40 
.581 f t  / h r  504 f t 2 / h r  
34.8 l b l f t  h r  30.2 l b / f t  h r  
60.6 l b / f t 3  60.0 l b / f t 3  
Calcula te  Re a t  bulk temperature % = 
/ U b  
FLUID PATH: 
LENGTH OF PASSAGE 
9.6 = 15.2 = 1.26 f t .  
F lon  o.&? 10 lb/min passes through 10 passages i n  p a r a l l e l  
.5" 
.05" 
D = equ iva l en t  diameter  = % = 
T 
= .094 i n .  = .0076 f t .  
P 2(.05)+2(.5) 
Re, = 60.6 i b / f  t3 X 5760 f t / h r  X .0076 f t .  = 76.4 34.8 l b / f t  h r .  
from GE Heat Transfer  Design Data Book, Sec ~ 5 0 3 . 3 ,  F i g .  8 and LID = 
1.261.0076 = 166 
n = .12 hea t ing  of o i l  
Temperature r i s e  of frame above o i l :  
Area = 10 X 9.67). X (2 X .05 + .5) = 181.0 i n2  
(Assumes no h e a t  t r a n s f e r  from duc t  cover)  
A t  = 1032 w a t t s  
,284 w a t t  X 181 in2 = 19.g0c 
-
I f  duc t  cover were a t  frame temperature 
Correc t ion  f a c t o r  f o r  f l a t  duc ts  w i th  both wa l l s  hea ted  from 
G503-3, p3, f i g .  6C 
Correc t ion  f a c t o r  = 1.3 
h = 1.3  X ,284 = .369 wat t s  
O C  in2 
Area = 1 0  X 9.6 p (2 X .05 i- .5 + 11205)) = 256 in2  
(Assumes 112 cover  drea  e f f e c t i v e )  
The a c t u a l  ca se  probably l i e s  somewhere inbetween these  two. Use 
average : 
h = ,369 + -284 = .326 wa t t s  
2 
Ca lcu l a t i on  of Res is tances :  
R1 Tooth p o r t i o n  
average too th  width = - . I 71  = .194 
a r e a  = . I94 X 48 X 2 X .97 = 18.1 i n  2 
3% S i  s t l ,  t y p i c a l  K = .55 watt 
i nOc  
1 - = . 3  
= .0302 % 
KA -55 X 18.1 Watt 
S l o t  r e s i s t c ; ? . : e~  a r e  ca lcula ted  
using diagram shown to  the l e f t :  
(wire con£ igura t ion  changed i n  
f i n a l  design to  reduce deep bar  
losses .  ) 
f ,065 
Conductor insu la t ion  2 = .0045 
K = ,00765 
1 R = = .0045 
= ,00685 2 
KA .00765 X 86 Watt 
S l o t  l i n e r  K = ,0217 watt 
inoC 
A = 86 in2 1 = .0105 
, , d_ = .Ol05 
= .00564 3 
A K  8 6 X . 0 2 1 7  wa t t  
Tooth wa t t  K = .55 -inOC 
.097 wat t  R = 
.55 X 104.5 = .00169 ------ O c  
= .00685 + .00564 + .00169 = .0142 OC 
thickness of separa tor  
.010 
a .0217 X 14.4 = .032 3 wat t  
Conductor insu la t ion  
= '0045 
.00765 X 12.1 = ,0486 3 Watt 
Yoke 
1 = 1.112 = .55 
Area = . I71 X 2 X 48 = 16.4 in2 
R = .55 = .061 3 
16.4 X .55 Watt 
= .032 + .0486 + .061 = .I416 %.-,- 
watt 
@ 112 tooth, 1 = .3  
.3 
R = 18.1 X .55 = ,0302 %--- watt  
yoke 
6.48'W" Area a t  OD of s l o t  =(r, .171) 48 x 2 = 24.3 
area  a t  mid radius of yoke 
R = l r  112 = .036l 2 
.55 X 27.7 Watt 
0 c 
= .0361 + .0302 = .0663 - 
watt  
Area = 16 X (.224 X .0315) X 48 = 5.43 in2 
@= t : i i 5 X  9.65 = ,0406 % watt  
Area = 5.43 inL 
O C 
= .0296 - 




. 122 = .0176 -.--. 
2V (2) .55 6.92 w a t t  
con tac t  drop between yoke and frame 
1 
- = I-.-.--- in20c  
hc w a t t  
1 R = -  = ,0166 OC 
60.2 w a t t  
pa th  through 112 of frame th ickness  
)! = .45 X 112 = .225 i n .  
wa t t  K i ngo t  i r o n = 1 . 6 7 -  i noC 
R = .225 O C  = .00235 - 
1.67 X 57.4 wa t t  
R7 = .OL76 + .0166 + .00235 = .0366 % 
w a t t  
@ F i e l d  c o i l  t o  frame 
Equiva len t  thermal conduc t iv i t y  of conductor mat r ix  
GE h e a t  t r a n s f e r  d a t a  book, Sec. G502.2, p2 
conductor diameter  = .0856" 
i n s u l a t e d  d i a  = .0856 + .0045 = .0901 
.0856 - .95 diameter  r a t i o  = -
.0901 
I t  I t  = F 11 va rn i sh ,  K = .00765 wat t  
w a t t  Equiva len t  K = (11-)(.00765) = .084 ---- in% 
RA 
P 
Por t ion  through c o i l  
e f f e c t i v e  = -  l 1  = . 2 7 5 i n  
4  
a r ea  = (1.1 - .030 - .011)(6.48 + 314 X 2 . 2 ) ~  = 26.9 i n2  
.275 0 C 
= 26.9 X .084 = . I22 - w a t t  
po r t i on  through .011 i n s u l a t i o n  + e x t r a  ,030 va rn i sh  
1 = .Oil!: .030" 
1 R =-- [ X  + .030 
28.2 .0217 = .I725 3 
.0069 Watt 
assume no drop i n  copper wire  band 
@= . I22 + .I725 = .2945 
wa t t  
RB 
- 
c o i l  po r t i on  
R = .2 75 O c  23.4 X .084 = .140 - w a t t  
.011 i n s u l a t i o n  s t r i p  + .03 varn ish  
2 = .Oil!', .03" 
.030 + - = .223 3 
.0069 Watt 
0 @= .I40 + .223 = .363 
wa t t  
RC 
c o i l  po r t ion  + .030 va rn i sh  + .011 i n s u l a t i o n  
1 R = -  
11.9 [ s4 + = .926 OC 
- 
Watt 
0 C RC = ,926 - 
w a t t  
m 
c y l i n d r i c a l  po r t ion  
r a d i a l  po r t ion  
+ .55 @ = 9 ? ; 5 X  .613 9 . 9 5 ~  .652 
O c  
= .I854 - 
w a t t  
RE 
- 
r a d i a l  po r t ion  
R  = .55 0 C 9.95 X .766 = .0722 --- wat t  
O c  RE = .0722 -- 0 w a t t  
RE' 
- 
con tac t  drop 
Area = (6.48 + 2.2)'iV X 1.1 = 30 i n Z  
1 
R = %  = .0333 % 
wat t  
pa th  through 112 frame th ickness  
R = .225 O C 31.5 X 1.67 = .00428 - w a t t  
@= .0333 + .00428 = .0376 % 
0 w a t t  
.0376 
Equiva len t  r e s i s t a n c e  from @ t o  a 
.926 
= .398 3 
Watt 
R8 = .0376 + .I695 = .207 % 0 wat t  
@ a x i a l  pa th  through frame 
0 C @= 1 . 6  = .072 - w a t t  
@ 
path  through 112 frame thickness 
R = .225 58.8 X 1.67 = .00229 % Watt 
o i l  f i l m  drop 
w a t t  
h = .326 -2 
3 d u c t s ,  A = 3 X 25.8 = 77.4 i n  2 
1 - = I  
= .0397 - O c 
hA .326 X 77.4 w a t t  
frame o i l  @ = .00229 + .0397 = .0420 % 
w a t t  
path through 112 frame thickness 
R = .225 = .00416 32.4 X 1.67 Watt 
o i l  f i l m  drop 
2 duc t s  X 25.8 in2/  d u c t  = 51.6 i n  2 
R = 1 = .0594> 
.326 X 51.6 w a t t  
frame o i l  
OC 
= .00416 + .0594 = .0636 --- 
w a t t  
EquivalPnt  Thermal C i r c u i t  i n  Terms of Conduc t iv i t i e s  
A l l  c i r c u i t  components i n  terms 
o f  c o n d u c t i v i t i e s  ( w a t t s I o c )  
106 .5  w a t t s  104  (LOSSES I N  YOKE) w a t t s  
72 .5  (LOSSES I N  TOOTH) w a t t s  
-40 (LOSSES FROM ROTOR) w a t t s  
2 9 . 1  w a t t s  5 6 . 1  (END TURN Cu) w a t t s  
(STATOR Cu UNDER 
FIELD COIL) 
5 2 . 8  (SLOT Cu) w a t t s  
Write e q u a t i o n s  based  o n E Q  = 0 
1. 52 .8  + 33.8  (T2 - T I )  + 7.07 (T5 - T I )  + 70.4  (T4 - T I )  + 24 .6  (T3-TI) = 0 
2 .  29 .1  + 3 3 . 8  (TI  - T2) = 0 
3 .  5 6 . 1  + 24.6  (TI  - T3) = 0 
4 .  72 .5  + 1 5 . 1  (T5 - T4) + 3 3 . 1  (TG - T4) + 70.4  ( T I  - T4) = O  
5 .  1 0 4  + 27.4  (T8 - T5) + 1 5 . 1  (T4 - T5) + 70.7 (TI - T5) = 0 
6 .  106 .5  + 4.83 (T7 - T6) = 0 
7 .  15 .7  (104.2 - T7) + 13 .9  (T8 - T7) + 4.83 (T6 - T7) = 0 
8. 23.8  (104.2 - T8) + 27.4 (T5 - T8) + 13.9  (T7 - T8) = 0 
G 4 0  + 33.1 (T4 - TG) = 0 
T e m p e r a t u r e s  as o b t a i n e d  f rom computer program: 
T 1  ( s l o t  c o p p e r )  = 141.5Oc 
T2 ( c o n d u c t o r  u n d e r  c o i l  c a n )  = 142.3OC 
T3 (end w i n d i n g )  = 1 4 3 . 7 ' ~  
T4 ( too th )  = 1 4 0 . 7 ~ ~  
T5 (yoke) = 129.9Oc 
T6 ( exc i t i ng  c o i l )  = 135.9OC 
T7 (frame) = 1 1 3 . 9 ~ ~  
T8 (frame) = 117.1°c 
TG ( too th  s u r f a c e  a t  a i r  gap) = 142 .oOc 
3. Tu rboa l t e rna to r  Rotor Thermal Analysis  
Consider t he  fo l lowing  thermal equ iva l en t  c i r c u i t  f o r  the  r o t o r :  
STATIONARY 
STATIONARY 37.5 w 37.5 WINDAGE 
BAFFLE 
T = l6O0c 
BEARING 
The fol lowing assumptions a r e  made f o r  the  ana lys i s :  
1. The windage lo s se s  a r e  loca ted  a t  the c e n t e r  of the  a i r  gap. 
2 .  Half of the windage lo s se s  a r e  l oca t ed  i n  the a x i a l  a i r  gap 
and ha l f  i n  the  r a d i a l  a i r  gap. 
3 .  Pole f ace  l o s se s  a r e  on the pole  s u r f a c e s .  
4. Temperature of the  s t a t o r  i s  1 6 0 ' ~  (conserva t ive  va lue ) .  
5 .  No r a d i a t i o n  e f f e c t s  a r e  accounted f o r .  
Argon P rope r t i e s  a r e  taken from NASA TR R-132 Report and g iven  below: 
P r o p e r t i e s  evaluated a t  200°c = 473OK 
h r  
/L = 5 282.9 + .73 (47.331 10.6 = 31.7.5 x 10-6 poises  
/ 
+I /A- = 317.5 X (242) = .0766 - f t - h r  
Heat T rans fe r  from Rotor to  S t a t o r  and from Rotor to  Bearing. 
Assume temperature a t  s t a t o r  I D ,  T2 = 160°C 
Assume temperature a t  bearing f ace ,  Tb = 1750C 
Windage lo s se s  : 
150 
41  + 93 = -2 wat t s ,  .7 5 41 = 43 = wat t s  
Pole f ace  l o s se s :  
- 40 92 - -7 w a t t s  
The f i l m  c o e f f i c i e n t ,  h, w i l l  be determined by two methods, w i th  the  
lowest  va lue  being used. 
(Reference 1 )  
Using f i g s .  12 and 14 of Reference 1 
Heat t r a n s f e r  between s t a t o r  and a i r ,  Curve 12 of Reference 1, 
= 7.5 
K 
. .  h s =  2 2(.040 i n )  = 16.25 B tu /h r - f t  -F 
Heat t r a n s f e r  between r o t o r  and a i r ,  Curve 14 of Reference 1, 
= 7.5, .'. hs = 16.25 Btulhr-f t2-F 
K 
(Reference 2) 
Using F i g .  3 
U = = 9.72 ~ t u / h r - f t ~ - F  2 (.040 i n )  
Since t h i s  i s  the va lue  from r o t o r  t o  s t a t o r  then: 
2 Ur = Us = 2 (9.72) = 19.44 B t u l h r - f t  -F f o r  t r a n s f e r  
from s t a t o r  t o  a i r  and from r o t o r  t o  a i r .  
Thermal Res is tances  
Since ~ a z l e y ' s  Method produces the  lowest  h e a t  t r a n s f e r  c o e f f i c i e n t  
from i r o n  t o  a i r ,  i t  w i l l  be used i n  t he  c a l c u l a t i o n  of Rs and Rr.  
- 1 Rs - Rr = - 
h A where A i s  the  a r e a  pe r  two poles  
A = .35 (3.14)(5.2)(2) = 11.4 i n  2 
- 
C 
Rs = R, - = 1.47 - w a t t  
Fo r  B3E20L, K .53 wa t t l i n - c  @ 2 5 ' ~  
Fo r  4620 K = 30 Btu lhr - f t2-F  (3212'~ 
Assume bear ing  suppor t  and s h a f t  a r e  of H-11  
.5 i n  Rg = = . I36 Clwatt (. 73 wa t t l i n -C)  ( .8 i n )  (2) (3.14) (1 i n )  
The a i r  gap r e s i s t a n c e  between b a f f l e s  and r o t o r  w i l l  be analyzed 
by Gazley 's  method. 
t", BAFFLE 
The h e a t  flow i n t o  the  punchings from the  b a f f l e  i s  n e g l i g i b l e  be- 
cause of t he  h igh  r e s i s t a n c e  through t h i s  pa th .  
= .33 - The average gap length  a t  the a r ea  of  h e a t  f low 
DAV = 3.2 i n  - average diameter  
The average v e l o c i t y  of the  r o t o r  a t  t h i s  p o i n t  is: 
5 U = 3.14 (3.2) in(l2,OOO rpm) = 1.21 X 10 in/min. 
Now the  average t a n g e n t i a l  v e l o c i t y  of argon i n  the  gap is: 
From F i g .  12 of Reference 1 
/ 
h = = 7.34 ~ t u / h r - f t ~ - F  
2 (.33 i n )  
Thermal C i r c u i t  Solu t ion  
Plac ing  the r e s i s t a n c e  va lues  i n  the thermal c i r c u i t  g ives  the fol lowing:  
STATOR 37.5 wat t s  ROTOR BEARING 
20 w a t t s  (Pole Face) 
1 6 0 ' ~  1 7 5 ' ~  
e 
A l l  c i r c u i t  components i n  Q4 I 8.75 terms of r e s i s t a n c e s  ( O ~ / w a t t )  
S o l u t i o n  of the c i r c u i t  y i e l d s  the fol lowing r e s u l t s :  
The sma l l  d i f f e r ences  i n  the  temperatures Td (219.5 versus  217.5) 
and ~f (354.8 versus  353) r e f l e c t  the accuracy of the  i t e r a t i v e  
procedure t h a t  was used to  so lve  the c i r c u i t .  The h ighes t  temperature 
occurs  i n  the  a i r  gap between the  r o t a t i n g  and s t a t i o n a r y  windage 
b a f f l e s  and i s  due to  the high thermal r e s i s t a n c e  of t h i s  gap. Other 
temperatures ,  such a s  pole t i p ,  Tc, a r e  very  reasonable and a r e  con- 
s e r v a t i v e  s i n c e  a s t a t o r  I D  temperature of 1600C was used a s  a boundary 
temperature;  whereas, the s t a t o r  a n a l y s i s  gave 142. OOc .: 
4. Coolant Analysis  
Assume t h a t  coo lan t  i s  GE S i l i c o n e  o i l ,  Vers i lube  F-50 which, a t  
ope ra t i ng  temperature,  has a  v i s c o s i t y  of 34.8 l b / f  t h r  and a weight  
d e n s i t y  of 60.6 l b /  f t 3 .  
Ca lcu l a t e  Reynolds number of o i l  i n  coo lan t  passageway: 
I 
De = hydrau l i c  d iameter  = % 
P 
f t 3  10  lblmin X - 1 min v = X -  60.6 l b  60 sec  = 1.588 £ t i s ec  
10 ( .5 ) ( .05)  1 f t 2  
144 i n 2  
- 1 . 5 8 8 f t / s e c X  . 0 0 7 6 f t X 6 0 . 6 1 b / f t 3  = 7 5 . 7  
Re - 34.8 l b / f t  h r  X 1 h r  
3600 s e c  
Ca lcu l a t e  v iscous  l o s s e s  : 
Use method shown on page 1, Sect ion  G402.2 of GE F lu id  Flow Data 
Book 
From F i g .  2  
1 
'05 
I] -05 (a)  
a /b  = 5 . I ,  K2 = 21.1 = f*% 
L: e f f e c t i v e  l eng th  of passages 
mean r ad ius  = 48 i n  
l eng th  L = _4.8 x 7F. = 1-26 f t .  12 
A p = 438 l b / f  t2 = 3.04 l b / i n 2  pe r  h a l f  circumference 
There a r e  two S e t s  of these  passages i n  s e r i e s  
2 2 X 3.04 l b / i n  = 6.08 p s i  v i scous  drop 
( ignore v iscous  drop i n  headers  - v e l o c i t y  extremely low) 
e n t e r i n g  header 1 1/2  v e l o c i t y  heads 
1 
a r e a  = (A212 TZi; = 9.62 i[ 1om4f tZ 
1 0  lb/min X 1 it3 v = x l m i n  = 2 . 9 5 f t / s e c  60.6 l b  60 sec  
Turns i n  header  
n e g l e c t  - a r e a  r e l a t i v e l y  l a rge  
Entrance t o  1/4" diameter  ho les  
1 1 /2  v e l o c i t y  heads 
a r e a  = (.25) 2 7 TI-- X & X  5 = .00170 f t 2  
P = 1.5  (I. .6112 (.654 X = ,0254 1b/ in2 
Turn i n t o  sma l l e r  a r e a  of cooling passage 
1 112 v e l o c i t y  heads f o r  decrease i n  a r e a  
1 112 v e l o c i t y  heads f o r  t u rn  
a r e a  = +05 .5 = .001735 f t 2  
144 
E x i t  from l a s t  header 
Same a s  en t r ance ,  p = .0744 lb /  i n2  
T o t a l  dynamic drop 
en t r ance  t o  f i r s t  header  .0750 p s i  
1/4" diameter  hokes (X2 f o r  2 s e t s )  .0508 
en t r ance  and turn-cooling passage -0968 
(X2 f o r  2 s e t s )  
e x i t  from l a s t  header  .0744 
,2970 
T o t a l  p r e s su re  drop 
6.08 p s i  (v i scous)  + .2970 p s i  (dynamic) 
= 6.377 p s i  
Say 6.38 p s i  
5 .  Pole Pace Losses 
a .  No Load 
No load pole f ace  l o s se s  have been c a l c u l a t e d  from a formula 
der ived  by W .  J .  Gibbs (Reference 3 )  which a f t e r  changing t o  
Engl i sh  u n i t s  appears  a s  fo l l oys :  
where: Pe = eddy c u r r e n t  l o s s  (wa t t s / i nL)  
D = diameter  ( i n )  
B~ = f l u x  o s c i l l a t i o n  f a c t o r  (F ig .  3 of Reference 1) 
Bm 
= Average f l u x  d e n s i t y  i n  pole f ace  ( ~ l / i n ' )  
$ = R e s i s t i v i t y  of pole f ace  (microhm - cm) 
Na = number of s t a t o r  s l o t s  
n = Speed (rpm) 
S u b s t i t u t i n g  the  a l t e r n a t o r  va lues  : 
No load l o s s  = Pe X Area of poles  
No load l o s s  = 0.72 X (2 X 2.86 X 4)  = 16.5 w a t t s  
b. Load Loss 
Load l o s s  was ca l cu l a t ed  by computer a s  shown on Figure  56 
and the  l o s s  amounted t o  46 wa t t s .  
c .  T o t a l  Pole Face Loss 
T o t a l  l o s s  i s  the sum of no load and load l o s s .  Since the  above 
c a l c u l a t i o n s  a r e  f o r  a  s o l i d  pole  f ace ,  the va lues  were reduced by 
a lamina t ion  f a c t o r  of t h r ee  (3) .  I n  add i t i on ,  t e s t s  on a  previous 
a 1  t e r n a t o r  ( s o l i d  pole cons t ruc t ion )  i nd i ca t ed  pole  f a c e  l o s s  
about  double the ca l cu l a t ed  va lue .  Including these f a c t o r s  
y i e l d s  the fol lowing f o r  pole f ace  loss :  
T o t a l  l o s s  = 2(16.5 $ 46) /3  40 wa t t s  
- P 
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SECTION V 
Voltage Regulator-Exciter  Design 
Voltage Regulator  Design Objec t ives  
R e l i a b i l i t y  was the  primary ob jec t ive  i n  t he  des ign  of the VFtE. A l -  
though no t  s t a t e d  e x p l i c i t l y  i n  the s p e c i f i c a t i o n ,  i t  was recognized 
t h a t  the  mission of the Brayton Cycle System was s i m i l a r  t o  ottPere, 
whose s p e c i f i c a t i o n s  c a l l e d  f o r  a  r e l i a b i l i t y  goa l  of 99.90% f o r  a 
10,000 hour mission.  
This  requirement  f o r  high r a l i a b i l i t y ,  combined wi th  the need to ope ra t e  
i n  a  space environment, l ed  to  the fol lowing des ign  dec i s ions :  
1. El imina te  ma te r i a l s  known t o  degrade r a p i d l y  i n  space and r a d i a t i o n  
environments. 
2 .  Use a s  few d i f f e r e n t  ma te r i a l s  and components a s  pos s ib l e .  Use 
m a t e r i a l s  and p a r t s  proven r a d i a t i o n - r e s i s  ta.nt on o t h e r  NASA programs. 
3. Derate  a l l  components d r a s t i c a l l y .  
4. Use redundancy wherever pos s ib l e .  
5. Weld a l l  connect ions.  
To approach t h i s  r e l i a b i l i t y ,  the problem wae a t t a c k d  both t h e o r e t i c a l l y  
and p r a c t i c a l l y .  The t h e o r e t i c a l  approach invoLved i n v e s t i g a t i o n  of  eo- 
t ab l i shed  o r  pred ic ted  f a i l u r e  r a t e s  f o r  va r ious  components p lu s  a  s tudy  
of t he  b e n e f i t s  of redundancy. 
The p r a c t i c a l  approach considered the  advantages of c i r c u i t  s i m p l i c i t y ,  
e l i m i n a t i o n  of known component f a i l u r e  modes o r  weaknesses, q u a l i t y  
c o n t r o l ,  d e r a t i n g ,  burn- i n ,  and r e s t r i c t i v e  purchase p a r t  s p e c i f i c a t i o n s  . 
The r e l i a b i l i t y  program i s  d iscussed  i n  d e t a i l  i n  "B" of t h i s  s e c t i o n .  Prom 
Table VZ the  predic ted  r e l i a b i l i t y  i s  83.78 percent .  
1.0 Voltage Regula tor '  
The vo l t age  r egu la to r  c o n s i s t s  of the fol lowing c i r c u i t s :  
a ,  Sensing C i r c u i t  
b. Reference c i r c u i t  
c  . Comparison C i r c u i t  and T r a m  is t o r  Preampl i f ie r  
d . Magnetic Amplif ier  C i r c u i t  
e. S t a b i l i z i n g  C i r c u i t  
f .  High Phase Takcovar C i r c u i t  
S e n s i q  C i r c u i t  
The sens ing  c i r c u i t  shown i n  F igure  44 mgasures the average of ~ r a e  
l i n e - t o - n e u t r a l  vo l t ages  and produce8 a DC vol tage  p ropor t i ona l  
t o  t h i s  average. 
CR1 L1 
A 1  t e r n a  t o r  
Lines 
To 
FIG. 44 SENSING CIRCUIT 
R e c t i f i e r s  CRl-3 produce a DC vo l t age  which i s  f i l t e r e d  by L4 and 
C 1 .  The f i l t e r e d  DC vo l t age  ac ros s  C 1  is app l i ed  t o  a vo l t age  
d i v i d e r  c o n s i s t i n g  of r e s i s t o r s  R3A, R3B, R4 and R5. The sens ing  
vol tage,  Vs, i s  appl ied  t o  the comparison c i r c u i t .  
L1, L2 and L3 a r e  RF chokes designed t o  prevent  e lec t romagnet ic  
i n t e r f e r e n c e  generated by the r e c  t i £  i e r s  f rom reaching the  l i n e s .  
Reference Ci rcu i t  
The reference c i r c u i t ,  shown i n  Figure45 , provides an e s s e n t i a l l y  constant 
reference voltage. 
FIG. 45 REFERENCE CIRCUIT FIG. 46 
The f i l t e r e d  DC voltago across C l  i n  the  sensing c i r c u i t  i s  a l so  appl ied 
across  FCl i n  s e r i e s  with zener diode CR17. CR17 has a nearly c o n s t a n t l l . 7  
v o l t  drop f o r  s h r g e  range of current as shown i n  Figure&. Resis tor  FU. 
l i m i t s  t h e  current  t h r u  CFU.7 t o  a safe value. I f  the  voltage applied across 
R;L and CR17 increases ,  the  current increases ,  and the  increase i n  voltage 
i s  absorbed as IR drop across BE. The voltage across CU7 remains almost 
conetrult because of i t s  f l a t  chs rac te r i s l i c .  
Comparison Ci rcu i t  & Transis tor  Preamplifier  
The comparison c i r c u i t  shown i n  Figure 47 compares the  sensing voltage t o  
the. reference voltage and de l ive rs  an e r r o r  current,  IB, t o  the  t r a n s i s t o r  
baae emi t t e r  c i r c u i t .  
4- 
CONTROL W E  
CIRCUIT 
FIG. 47 COMPARISON CIRCUIT M D  TUSIS1MR P W  
The reference and comparison c i r c u i t s  have a common negative a s  shown i n  
Figure 47, while the  pos i t ive  s ides  a re  connected through the  base-emitter 
c i r c u i t  of t r a n s i s t o r  Q 1  and r e s i s t o r  R2. When Vg exceeds VR, current  IB 
flows i n  the  d i rec t ion  shown. 
The t r a n s i s t o r  amplifies the  small e r r o r  current  t o  the  l e v e l  required t o  
control  the  magnetic amplifier .  The s m a l l  s i g n a l  current  IB flowing i n  
the  base-emitter c i r c u i t  controls  the  much l a r g e r  current IC flowing i n  
the  col lector-emit ter  c i r c u i t .  
Resistors R15 and R14 form a voltage divider  which reduces the voltage l e v e l  
a t  "A" t o  a value well  with the  ra t ing  of Q l ,  a 5  and R1.4 a l so  s e t  the 
current t o b i a s  winding F3-F4 of the  magnetic amplifier .  Transis tor  
co l l ec to r  current  IC flows from point  "Ail through winding FJ..-F2 of the 
magnetic ampl i f ier  t o  regula te  i t s  output. 
Resis tor  m6 and reactor  L5 provide f o r  smooth magnetic ampl i f ier  control .  
Resis tor  R 2  s t a b i l i z e s  the  gain of the  t r a n s i s t o r  and C R 6  p ro tec t s  agains t  
reverse voltage across the  base-emitter c i r c u i t .  
The e x c i t e r  control  winding requires changes i n  the  order of amperes. The 
milliampere c o l l e c t o r  current i s  changed t o  ampere e r r o r  current by %he mag- 
n e t i c  ampl i f ier  shown i n  Figure 49 . 
The magnetic ampl i f ier  gate  windings a c t  a s  switches ( o r  gates)  between the  
supply voltage and the  load. If the  core flux i s  on the  s teep slope (a)  of 
the  sa tu ra t ion  curve, Figure 48, the  gate winding has a very high i n d u c t a c e  
and the  load current  i s  l i m a b d t o  a very low value. If the  core flux i s  on 
the  f l a t  por t ion (b)  of the  sa tu ra t ion  curve, the  gate winding has a low in- 
ductance and the  load current i s  l imi ted mainly by the  load res is tance.  
(a)  B-H LOOP FLEB CONTWL RISPIC 
F I G .  48 CHARACTmSTIC CURVES OF A MAGNETIC In= 
The flux i n  the  core i s  determined by the  current  i n  the  gate,  b ias  and 
control  windings. With the control  a d  bias  windings open, the  core flux 
i s  determined so le ly  by the  c n t  i n  the  gate  windings. 









F I G .  49 MAGNETIC AMPLIFIER 
The supply voltage i s  applied t o  the  gate windings i n  s e r i e s  with the load.  
After  the  supply voltage wave passes through zero and becomes pos i t ive ,  a 
s m a l l  magnetizing current  proportional t o  supply voltage flows i n  the  gate  
windings. This s m d l  current i s  r e c t i f i e d  and quickly sa tu ra tes  the  core. 
With the  core sa tura ted,  the  gate winding inductance drops t o  a low valueand 
gate ( o r  load) current  i s  determined only by the load res is tance and supply 
voltage. Thus with no b ias  o r  control  current ,  the eoms  fire sa tura ted f o r  a l l  
but the  f i r s t  few degrees of the supply voltage wave and the  output i s  a msximum 
The bars  on Al, B1, C1, Fl and F3 indicate  t h a t  these terminals have the  
same po la r i ty ,  o r  t h a t  current i n t o  any of these terminals produces f l u x  
i n  the  core i n  the  same direct ion.  I n  Figure47 , bias  current flows i n t o  
F4 and out of F3 of the  b ias  winding and therefore  produces f l u x  which 
opposes the  f l u x  due t o  the  magnetizing o r  load current.  The magnetizing 
current  must, therefore ,  increase t o  a l a r g e r  value before the  core 
sa tu ra tes ,  so sa tu ra t ion  occurs l a t e r  i n  the  cycle. If  the  b ias  current 
i s  increased s u f f i c i e n t l y ,  it w i l l  not  allow the  magnetizing current  t o  
sa tu ra te  the  core a t  a l l ,  so the  gates  w i l l  remain "closed" t o  load current  
f o r  the  e n t i r e  ha l f  cycle. 
I n  Figure 47, control  current ( t r a n s i s t o r  co l l ec to r  current)  flows i n t o  F1 
and out of F2 of the  conkrol winding and therefore  produces f l u x  which a i d s  
the  magnetizing current  and opposes the  b ias  current.  An increase  i n  control  
current therefore  advances the  angle a t  which sa tu ra t ion  occurs ( t h e  f i r i n g  
angle) and permits a l a r g e r  average load current.  By varying t h e  control  
current,  the  magnetic amplifier  can be made t o  f i r e  from approximately 0 t o  
180 degrees of t h e  applied voltage. I n  this way, the  control  winding 
current controls  the  output current of the  magnetic amplifier .  
I n  Figure 49, r e c t i f i e r s  CR7, 8, 9 r e c t i f y  the  gate current  t o  provide the  
required 3 C  output and r e s i s t o r s  R9, R10 and FCL1 r e s e t  the  cores. R13 
s e t s  the  proper output current l e v e l  and improves the  power f a c t o r  of the  
e x c i t e r  control  winding. CR16 i s  a f ree  wheeler which provides a discharge 
path f o r  the  inductance i n  the  e x c i t e r  control  winding and C R l 9  i s  a Zener 
diode which increases  the  load impedance a t  low current  t o  improve the 
magnetic ampl i f ier  performance. 
The complete operation of the  voltage regula tor  can now be traced.  If 
the  alternator voltage increases,  the  e r r o r  current increases  i n  a d i rec t ion  
t o  t u r n  on the  t r a n s i s t o r  and magnetic amplifier .  The magnetic ampl i f ier  
output current  increases,  decreasing the  output of t h e  exci ter .  The 
e x c i t e r  output current  i s  the  alternator f i e l d  current.  With reduced f i e l d  
current,  the  al ternator l i n e  voltage re turns  t o  normal. 
Stab i l i z ing  Ci rcu i t  
I n  any closed-loop regulating system containing more than two s i g n i f i c a n t  
time constants and having r e l a t i v e l y  high gain,  there  i s  a p o s s i b i l i t y  of 
sustained o s c i l l a t i o n ,  o r  "huntingt1. To prevent this condition, a 
s t a b i l i z i n g  c i r c u i t  i s  connected between the  e x c i t e r  output and the  






F I G .  50 STABILIZING CIRCUIT 
A momentary increase i n  l i n e  voltage causes a corresponding increase  i n  
the  sensing voltage applied t o  the  t r a n s i s t o r  base. T h i s  increase  i n  base 
voltage increases  t r a n s i s t o r  current  and magnetic ampl i f ier  output current  
which i n  t u r n  decreases the  e x c i t e r  output, which i s  the  generator f i e l d  
voltage. 
A decrease i n  dtanator f i e l d  voltage i s  equivalent t o  the addi t ion of a 
negative voltage at  the  f i e l d .  This negative voltage i s  applied t o  the  
t r a n s i s t o r  base through C 3  and R6 where it t rans ien t ly  opposes the  i n i t i a l  
increase  i n  base voltsgs,  thereby providing negative feedback Lo s t a b i l i z e  
the  system. 
High Phase Takeover Ci rcu i t  
During normal operation, the  voltage across C l  i n  the  sensing c i r c u i t  i s  
the  average value of the  th ree  r e c t i f i e d  FMS l i n e  voltages,  due t o  the  
f i l t e r i n g  act ion of L!+ and C l .  The regula tor  therefore  maintains the 
average of t h e  th ree  FMS l ine-to-neutral  voltages a t  120 v o l t s .  I f  one 
phase voltage decreases, due t o  a shor t  o r  open c i r c u i t ,  the  regula tor  
a c t s  t o  increase  the  other  two phase voltages t o  bring the  average back 
. Under these abno conditions, t h e  high phase LaBreover 
B over control  m d  t o  liarit the v o l t w e  on the h i g h s t  phase 
t o  1% above normal. The high phase Lskeover c i r c u i t  i s  shorn i n  M 5 1 .  
ALTERNATOR 
LINES 
FIG. 51 HIGH P 
R8 and C2 a r e  se lected so t h a t  C2 charges up t o  the  peak value of the 
voltage applied across  it. The peak voltage does not  change when one of 
the  phase voltages i s  l o s t .  The voltage a t  "Cfl i s  the  peak voltage atflAn 
l e s s  t h e  voltage across Zener diode CR18. 
During no conditions, the  a v e ~ a g e  vrlue, of the three  pkree voltrrgee, 
appearing across C 1 ,  i s  l a r g e r  thsn Lhs. vol-e at C2, so U o d .  CR 5 blo- 
and the  high phase takeover c i r c u i t  has no e f fec t .  
When one of the  phase voltages goss aem, the regula tor  a c t s  t o  increase  
the  average t o  the  s e t  value. A t  . p p n  
voltage across  C2 exceeds the  vol-e acmse C l ,  md current  flows through 
CR5 connecting the  two. The voltage across C2 then becomes the  sensed 
voltage f o r  the  regulator,  and the  regula tor  then a c t s  on t h e a l t e r n a t o r  to  
prevent f u r t h e r  increase.  
2.  S t a t i c  E x c i t e r  
The s t a t i c  e x c i t e r ,  F igure  52 s u p p l i e s  f i e l d  e x c i t a t i o n  power f o r  the  
a l t e r n a t o r  by r e c t i f y i n g  a  combination of vo l t age  and c u r r e n t  s i g n a l s  
from the  a l t e r n a t o r  ou tpu t  and feed ing  the  r e s u l t  back t o  t he  a l t e r n a t o r  
f i e l d .  The components of the  s t a t i c  e x c i t e r  are:  
a .  The s a t u r a b l e  c u r r e n t  p o t e n t i a l  t ransformer  (SCPT) i n  which t he  
v o l t a g e  and c u r r e n t  s i g n a l s  a r e  combined v e c t o r i a l l y  and i n t o  which 
a  c o n t r o l  s i g n a l  from the  r e g u l a t o r  i s  in t roduced .  
b. Three-phase br idge  r e c t i f i e r  (CR10-15) which r e c t i f i e s  t he  e x c i t e r  
ou tpu t .  
c .  Three-phase l i n e a r  r e a c t o r  L7 f o r  s h i f t i n g  each  l i n e  vo l t age  i n p u t  
s i g n a l  w i t h  r e f e r ence  t o  the  c u r r e n t  i n p u t  s i g n a l .  
ALTERNATOR 
PIG 52 STATIC EXGImR 
The SCPT i s  e s s e n t i a l l y  a three-phase transformer with two primary and one 
secondary winding per  phase and a s ingle  control  winding which is  used Lo 
vany the outputs of all th ree  phases. The current  and p o t e n t i a l  (vol tage)  
windings a r e  the  two primaries and the secondary winding i s  the  output 
winding. 
A s i g n d  &ich i s  s function of l i n e  voltage i s  applied t o  the  po ten t i a l  
windings t h m q h  the  l i n e a r  reactors  and t h i s  input  i s  combined with the  
current  input  obtained by running the  e n t i r e  l i n e  currents  through each of 
the  corresponding windings. The output of the SCPT i s  f e d  v ia  the  s e c o r d q  
winding t o  t h e  three-phase r e c t i f i e r  and from there  t o  the  alternator f i e l d .  
The voltage and current  s ignals  a re  proportioned so t h a t  f o r  rated loads, a t  
rated 400 her tz  frequency, the e x c i t e r  w i l l  supply almost constant voltage. 
However, a control  s igna l  i s  furnished by the  regula tor  t o  improve system 
accuracy, t o  compensate f o r  f i e l d  temperature and l i n e  drop var ia t ions ,  and 
t o  provide t r a n s i e n t  forcing.  
I f  the  alternator output voltage tends t o  r i se :  
a. The control  s igna l  from the  regula tor  increases.  
b. The SCPT becomes more saturated.  
c. The e x c i t e r  output decreases. 
d. The f i e l d  current  decreases lowering the  alternator output. 
I f  the  alternator output voltage tends t o  f a l l ,  the  opposite changes take 
place.  
The e x c i t e r  i s  a l s o  a compensator because it attempts t o  hold the  a l t e r n a t o r  
voltage constant a t  cone-t frequency f o r  all loads  wi thin  the  ra t ing  of 
the  a l t e r n a t o r .  It  utilizes both the  voltage and current  output of the  al- 
t e r n a t o r  i n  such a manner t h a t  the  output of the  e x c i t e r  i s  approximtely  
cor rec t  f o r  any load. 
It i s  well-known t h a t  the  a l t e r n a t o r  i n t e r n a l  voltage h p  Vx cen be repre- 
sented by t h e  equation: 
where Xs i s  t h e  synchronous reactance and I i s  %he l i n e  current.  T h i s  
equation assumes a cyl indsical  ro to r ,  no saturaLion, and no res is tance i n  
the  Lure winding. To compensate f o r  the  voltage drop Vx, the  exc i t a t ion  
must provide an i n t e r n a l  voltage Ei as shown by the  vector diagram i n  
Figure 53 
This i n t e r n a l  voltage Ei i s  proportional t o  the  f i e l d  e x c i t a t i o n  when no 
sa tu ra t ion  i s  present.  
F'IG. 53 VECTOR D I & M  OF VOLTAGES I N  ALTERNATOR 
The s ing le  phase equivalent c i r c u i t  f o r  the  exc i t e r  i s  shown I n  Figure 54 
This c i r c u i t  has a voltage source and a current  source t h a t  represent the  
exc i t a t ion  obtained from t h e  alternator voltage and alternator current.  XL 
i s  the  reactance i n  s e r i e s  with the  voltage source, XM i s  t h e  magnetizing 
reactance of the  SCPT t h a t  i s  varied by the  DC control  current,  and R i s  
the  equivalent AC res is tance of the  a l t e r n a t o r  f i e l d .  With no load on the  
a l t e r n a t o r ,  t h e  exc i t a t ion  i s  supplied e n t i r e l y  by the  voltage source. When 
the  load i s  applied,  the  current  source supplies a current  t h a t  divides 
between XL, X., and R. It i s  e a s i l y  shown t h a t  the  current  source can be 
made t o  supply t he  synchronous impedance drop by applying Thevenin's Theorem 
a t  p o i n t s  X i n  F igure  54. The rev ised  equ iva l en t  c i r c u i t ,  w i th  the  c u r r e n t  
source  rep laced  by the  e q u i v ~ l e n t  vo l t age  source ,  i s  shown i n  F igure  55 If 
XM i s  cons t an t ,  i t  i s  e v i d e n t  t h a t  the  c u r r e n t  through R w i l l  be p ropor t i ona l  
t o  E t  + jXLI. By s e l e c t i n g  the  proper  va lues  f o r  XL and the  turns  r a t i o ,  
j X L I  can be made p ropor t i ona l  to  j X s I  and the e x c i t e r  w i l l  supply the c o r r e c t  
e x c i t a t i o n  a t  a l l  loads.  

3.0 Special  Problem Areas 
Special problems developed i n  several  design areas.  These problems 
a re  discussed below. 
Excessive Shadow 
The o r ig ina l  design of both voltage regula tor  and s t a t i c  e x c i t e r  ca l l ed  
f o r  a sealed enclosure with leads brought out  through hermetically 
sealed terminals. Furthermore, the r e l a t i v e l y  f r a g i l e  terminals were 
to  be protected by a guard and jumpers were to be connected to  the 
hermetic terminals and brought out to  a terminal board f o r  customer 




I n  the  proposed overal l  Brayton Cycle system plan, the  voltage regula tor  
would be moynted with i t s  bottom su;r"face perpendicular t o  a l i n e  drawn from 
the system t o  the  sun and would therefore  c a s t  a large  shadow on the  s o l a r  
co l l ec to r .  
Several a l t e r n a t e  designs were proposed, inclu'ding a doughnut shaped enclosure 
which would f i t  around the tu rb ine-a l t e rna to r .  The enclosure would f i t  wi thin  
the  ou t l ine  of the  exhaust shroud and therefore  would not increase the shadow. 
The design is  sketched below. 
Turbine-A1 ternator  Set  
Cold P la te  ___ I M- Exciter-Regulator Package 
Exhaust Shroud 
of Turbine 
I n  another  approach, General E l e c t r i c  proposed t h a t  the  component modules 
be b u i l t  t o  wi ths tand  the space environment, inc luding  high vacuum, s o  the  
s ea l ed  enc losure  could be e l imina ted .  This approach was approved by NASA. 
A t  the  same time, a potent iometer  was added s o  the  l i n e  vol tage  could be v a r i e d  
and the p o t t i n g  l e v e l  was changed t o  expose t e s t  p o i n t s  to  permit more f l e x i b i l i t y  
i n  groupd t e s t i n g .  Because of these  changes the p re sen t  " f l y a b l e t t  VRE's should 
be considered a s  thermal and e l e c t r i c a l  breadboards, r a t h e r  than a s  f l i g h t  
hardware. 
Amplif ier  Gain 
The a m p l i f i e r  c i r c u i t  o r i g i n a l l y  proposed f o r  the  Brayton Cycle r e g u l a t o r  was 
a l l  magnetic and d id  no t  use any t r a n s i s t o r s ,  During breadboard t e s t s ,  i t  soon 
became e v i d e n t  t h a t  the r e g u l a t o r  ga in  was marginal .  The main reason f o r  the 
g a i n  de f i c i ency  was poorer  than expected performance from the  three  phase 
magnetic auiplif i e r .  
Accordingly, a t r a n s i s  t o r  pre-amplif i e r  was added t o  the c i r c u i t .  Although 
a l l  evidence i n d i c a t e s  t h a t  the t r a n s i s t o r  w i l l  ope ra t e  s a t i s f a c t o r i l y  i n  
t he  r a d i a t i o n  environment of s i m i l a r  NASA programs, i t  should be t e s t e d  before  
the  Brayton Cycle r e g u l a t o r  i s  appl ied  t o  a nuc l ea r  system. 
B. Voltage Regulator-Exciter 
Design Calculations and Analysis 
1.0 S t a b i l i t y  Analysis 
A Bode analys is  of the  system was made t o  determine how t o  s t a b i l i z e  the  system 
and eventually t o  specify the  s t a b i l i z i n g  components. The a t tenuat ion diagram 
of the  main loop i s  shown i n  Figure 57 while %he inner  ( s t a b i l i z i n g )  loop i s  
shown i n  Figure 58 . 
Three values a r e  given f o r  a t a b i l i z i n g  capacitor C3. I n  the  f lyab le  un i t s ,  C 3  
i s  a redundant quad as shown below, with A,  B, C and D each equal t o  10/YP; 
I f  redundancy i s  t o  improve the  r e l i a b i l i t y ,  the  c i r c u i t  must be capable of 
operating when a t  l e a s t  one arm of the  quad f a i l s .  I n  the t a b l e  nexh t o  the  
quad, the  values of the  capacitance measured from x t o  y are tabula ted f o r  
various s t a t e d  f a i l u r e s .  
In  a minimum phase system, i f  the slope of the at tenuation curve i s  20 db/decade 
a t  crossover, the system w i l l  be s t ab le .  
The curves i n  Figure 57 show, and t e s t s  confirm, that  the system i s  s t ab le  
f o r  the values of C shown. The block diagram of the system i s  shown on 















2 - 0  R e l i a b i l i t y  Analysis 
A summary of the  control  component s t resses ,  the appl icat ion l i m i t s  f o r  these 
parameters and the calculated o r  measured s t r e s s e s  are  tabulated i n  Table V 
This t a b l e  confirms t h a t  dl component s t r e s s e s  are  very low. 
l i e l i a b i l i t y  est imates were made e a r l y  i n  the  program and were revised a s  
the design progressed. The r e s u l t s  from the  f i n a l  analys is  a re  shown i n  
Table VI. I n  t h i s  table ,  it i s  assumed t h a t  the voltage adjustment poten- 
t iometer has been eliminated. 
From the  beginning, it was obvious t h a t  the  extremely high r e l i a b i l i t y  g o d  
could not be approached by standard methods, so redundancy techniques were 
invest igated.  S t r i c t l y  speaking, redundant means superfluous. I n  the f i e l d  
of r e l i a b i l i t y ,  a redundant c i r c u i t  i s  one which has ex t ra  components so 
connected t h a t  the  c i r c u i t  w i l l  operate normally when some components f a i l .  
A t y p i c a l  example i s  the r e c t i f i e r  quad shown below. 
A quad i s  used f o r  each r e c t i f i e r  i n  the c i r c u i t .  I f  r e c t i f i e r  A opens, 
r e c t i f i e r s  B and D w i l l  s t i l l  f u l f i l l  the r e c t i f i e r  function and allow 
the  c i r c u i t  t o  operate,  I f  r e c t i f i e r  A shor t s ,  r e c t i f i e r  C w i l l  s t i l l  allow 
normal operation.  Certain multiple f a i l u r e s  such as  shorted A plus  open 
B o r  D, may occur without destroying the component function. 
The r e c t i f i e r s  are  applied so t h a t  any one r e c t i f i e r  i n  the quad w i l l  carry 
the  required current  and voltage by i t s e l f ,  so a f a i l u r e  w i l l  not  overload 
another component so t h a t  it too f a i l s .  I n  the tabula t ions  shown i n  t h i s  
repor t ,  the  s t r e s s e s  shown assume t h a t  the  t o t d  s t r e s s  i s  taken by a s ing le  
component . 
Figure 59 i l l u s t r r h e  hm foil= r a t e  can be reduced by redundancy. 
If faflum r a t e  o mc&ifler  i s  .02$, the quad w i l l  have a 
fdlw r(ob of . 
Most of the  regula tor  c i r c u i t s  a re  designed so they w i l l  t o l e r a h  a 20$ ch 
i n  res is tance.  A p a r a l l e l  combination of t s n  =sf s t o r s  i s  uaed f o r  each 
r e s i s t o r ,  so any two may f a i l  open without exceeding the  c i r c u i t  tolerance.  
The increase i n  r e l i a b i l i t y  d m  t o  t h i s  configuration i s  shown i n  Figure 60. 
Using a r e s i s t o r  with a f a i l u r e  r a t e  of .02%/1000 hurs.,  the  f a i l u r e  r a t e  
of 1 0  i n  p a r a l l e l  becomes .00001%, i f  a 20% increase i n  res is tance i s  allowable. 
Only wirewound o r  f i lm type r e s i s t o r s  a re  used since i t  i s  nearly impossible 












Resis tors  
Metal Film 1 Watt 
Metal Film 1/8 Watt 
Wirewound 1 0  Watt 
Wirewound LO Watt 
TABLE 
PREDI CTEB EEL1 ABILE TY 
TOTAL 
7 (Redundant) Neg . Neg . 
4 (Redundant) Neg , Neg , 
3 0.ooog 0.001? 
1 ( ~edundant)  Neg . Neg . 
Glass ( 5 0 0 ~ )  1 (Quad) Neg . Neg . 
Mylar Extended F o i l  1 (Double Quad) Neg. Neg . 
Tantalum Etched F o i l  1 (Quad) Neg. Neg . 
Mylar Extended F o i l  1 (Quad) Neg . Neg . 
Semiconductors 
Transis tor  ( s i l i c o n )  1 0.0002 0.0003 
Diode Rec t i f i e r  S i l i con  6 ( h a d )  Neg . Neg . 
Diode Zener S i l i con  10W 1 0.0002 0.0002 
Diode R e c t i f i e r  S i l i con  10 (Quad) Neg . Neg. 
Diode Zener Si l icon 1 0.0007 0.0003 
Diode T.C. Zener S i l i c o n  1 ( 4  i n  s e r i e s )  0.0004 
TOTAL 0.0718 
MEAN TIME BE'GWEEN FAILURE = 1 X lo5  = 4,590,000 hrs .  
0.0218 
IrNEG" mems negl igible  
FAILURE RATE FOR KEDUWANT W D  
(10,000 HK. MISSION) 
S I WLE ELEMNS FA l LURE WTE PI0 WR 1 000 HOURS) 
FIGURE 59 
FA ~ U R E  RATE FOR TEN RESISTORS IN PARALLEL 
(SURV I VAL OF 8 olrr W I 0 PARnCLEL UN ITS - O E M  FA l LURE 
M r n  M Y )  
S l NGLE ELEIlENT FA l W E  RATE @ R R  1 000 MIS.) 
FIGURE 60  
3.0 S t a t i c  Exci ter  Design 
The s ing le  phase equivalent c i r c u i t  of the s t a t i c  e x c i t e r  i s  given i n  Figure 54 
To use t h i s  equivalent c i r c u i t  f o r  design, the  alternator exc i t a t ion  character is -  
t i c s  must be converted t o  t h e i r  AC equivalent,  using the following equations. 
Vfac = a429 Vfdc (1) 
I f a c  = .78 I f d c  ( 2 )  
R - - 055 Rfdc ( 3 )  
The t a b l e  below l ists  the r e s u l t s  of these calcula t ions .  
Generator Exci ta t ion Requirements 
For proper forc ing,  XL should be 1 .5  t o  2.5 x R, and I, should be 1.0 t o  1 .5  times 
Ifac a t  no load. The values chosen were: 
XL = 1.5R = 1.5(3.07) = 4.6 ohms ( 4 )  
I, = 1.5 Ifac = 1.5(2.52 amps) = 3.78 amps ( 5 )  
The equivalent c i r c u i t  f o r  the no load condition with numerical values inse r ted  




A t  no load,  I = 0, and a l l  exc i t a t ion  comes from the primary (voltage) winding. 
The vector diagram i s  shown below. 
7.4 Volts 
2,52(4,6) = 11.6 v o l t s  
2.52(3.24) = 8.17 Volts 
The e x c i b r ,  t h e m i o m ,  rwt supply 28.1 vo l t s  a t  i t s  secondary terminals a t  no 
load.  Since Lhe p vol t rgc  i s  120V, 
where Np = primary turns  and NS = secondary turns.  
A t  f u l l  load,  a ,h igher  f i e l d  c is required, and the  exc i t a t ion  i s  furnished 
from both primary (voltage) an nt windings. Also, Im w i l l  automatically 
increase  since t h e  voltage across  it w i l l  increase,  and some provision should be 
made f o r  t h i s , i f  the  e x c i t e r  i s  t o  compensate. automatically. From experience, I, 
a t  f u l l  load i s  1 t o  2 times I, a t  no load. I n  t h i s  design, I, = 5.27. The 
e x c i t a t i o n  requirements a t  f u l l  load a r e  shown below. 
v = (14.73 + 24.3)2 + (22.1)~ = 44.9 Volts (8) J 
V, i n  the  secondaq,  w i l l  be supplied by both primary and current windings 
according t o  the  r e l a t i o n  V = E + j 1 X ~ .  The phase angle 8, by which l i n e  
current  l a g s  l ine-neutra l  voltage, i s  the  power f a c t o r  angle and i s  specif ied .  
The re la t ionsh ips  are shown i n  the diagram below. 
By graphical  methods, it i s  determined t h a t  jIXL = 22.O.Volts 
For r e l i a b i l i t y ,  the minimum number of turns  should be used on the current  
windings. For t h i s  s i z e  exc i t e r ,  one t u r n  i s  impractical ,  so two tu rns  a re  used. 
where t h e  subscr ipt  I r e f e r s  t o  the  current  winding. It was 
previously shorn t h a t  Np = 4.27. 
- 
NS 
Choosing NI = 2, NS = 8.0 (2) = 16.0 (Use 16) Turns 
Np = 16.0 (4.27) = 68.3 (Use 68) Turns 
The saturation voltage of the exci ter  i s  t o  be 27V and s i l icon  s t e e l  i s  t o  be 
used which has a saturation f l u x  density B = 125 000 l i nes  per square inch. 
where : 
A = effective i ron area ( square inches) 
f = frequency h e r t z  
Therefore, A = V x lo8 = 27 x lo8 = .78 i n 2  (13) 
4*l/r4NsfB 
Core AH-19 with a gross area of . 8 U  inches and a ~tsc$ing factor of 0.9, has 
the correct net  i ron  area. 
The d i f f e r e n c e  i n  c o n t r o l  c u r r e n t  a t  no-load and a t  r a t e d  load d id  n o t  exceed 
lo%, i n d i c a t i n g  a  ve ry  high degree of  self-compensation i n  the  s t a t i c  e x c i t e r .  
The exc i te r  gain character is t ic  i s  shown below. 
4.0 Magnetic Amplifier Design 
The magnetic ampl i f ier  gate windings must withstand l ine-neutra l  voltage and 
a r e  designed using t h e  same roethods out l ined f o r  t h e  SCPT, The bas ic  
equation f o r  t h e  sa tu ra t ion  voltage is  repeated below: 
V = 4.41, NAfB x 10""' 
where B i s  f l u x  density i n  gauss and A i s  i r o n  a rea  i n  square centi-  
meters, and f i s  t h e  frequency i n  Hz. Since t h e  regula tor  must 
operate down t o  320 Hz, t h i s  frequency i s  used i n  the  calcula t ion.  
I n  addi t ion,  a sa tu ra t ion  f l u x  densi ty  of 13900 gauss i s  used s ince  
it i s  t h e  minimum allowed by t h e  specif ica t ion.  
For reasons t h a t  are s t a ted  l a t e r ,  i t  i s  des i rable  t o  use as small a core 
punching as  possible.  With a DU-37 industry standard punching, a s t ack  height  
of 1.4 inches yie lds  a gross cross sect ional  area of 3.35 square centimeters and 
a net  cross-sect ional  area of 3.04 square centimeters. 
N = 608 = 200 turns (16) 
34 04 
The window of the  DU37 punching w i l l  accommodate the required 200 ga te  tu rns  
with s u f f i c i e n t  space l e f t  f o r  the control  winding. A fu r the r  t r i a l  and e r r o r  
s o l u t i o ~  confirms t h a t  the  DU-37 i s  the  smal les t  punching t h a t  can be used, 
with l o s s e s  low enough t o  maintain a low temperature r i s e .  A small punching 
has a small  magnetic path length ,  which y i e l d s  higher gain.  
From the  s t a b i l i t y  and gain analys is ,  a magnetic ampl i f ier  gain of 500ma/ma 
i s  required. The maximum magnetic ampl i f ier  output current w i l l  be approximately 
1400 ma. 
G = gain = = I. 
control  current  - 
I c 
Furthermore, 
N c I c  = .8 H 1  (19) 
where 
Nc = number of control  winding turns ,  
Ic = control  current,  amperes, 
H = Half-width of B-H loop, oefsteds, and 
1 = Length of ~ a g n e t i c  path, cm. 
For  DU-37 o r thono l  laminat ion,  a t  400 cps ,  
8,IC = .8(.25) (17.2) = 3.44 ampere t u rns  (20) 
3.44 
and Nc = - 1230 tu rns  ( 2  1 )  
An unbiased magnetic a m p l i f i e r  would be f u l l y  on wi th  ze ro  c o n t r o l  
c u r r e n t  and negat ive  ampere turns  would be r equ i r ed  t o  t u r n  i t  o f f .  
I n  t h i s  a p p l i c a t i o n ,  t he  oppos i te  sense i s  requi red  by the  system, s o  
a  b i a s  winding i s  added and s u f f i c i e n t  c u r r e n t  i s  appl ied  t o  i t  t o  t u r n  
the  magnetic a m p l i f i e r  o f f .  
P o s i t i v e  c o n t r o l  c u r r e n t  then o.pposes the  b i a s  winding ampere t u rns  
and turns  the  magnetic a m p l i f i e r  on. When b i a s  and c o n t r o l  winding 
amperes t u r n s  a r e  equal ,  t he  magnetic ampl i f i e r  w i l l  be f u l l y  on. 
The magnetic a m p l i f i e r  ga in  c h a r a c t e r i s  t i c  i s  shown below: 
CONTROL CURRENT (MA) 
5.0 High Phase Takeover Circui t  
The normal sensing and high phase takeover c i r c u i t s  are shown below. 
TO LINES 
TO NEUTRAL 
During normal operation, the  voltage a t  "A" i s  f i l t e r e d  by L4 and C 1 ,  so 
average voltage appears a t  "B". 
The high phase takeover c i r c u i t  voltage i s  the  voltage a t  "Cfl  and i s  equal t o  
the peak voltage a t  "A" l e s s  the  drop i n  t h e  zener diode CRIB.  
A t  the  normal 120 v o l t  l i n e  voltage, the  average voltage at  B i s  134 vo l t s .  
To operate properly the voltage a t  "C1! must be considerably l e s s  than 134 v o l t s  
normally .and must be 134 vo l t s  a t  the  high phase takeover voltage se t t ing .  
During normal conditions, the  peak voltage a t  A i s  1 2 0 n  = 170 vo l t s ,  so 
CR18 must be a minimum of 36 vo l t s  t o  be inact ive .  
The high phase takeover point  was s e t  a t  108-110% of normal voltage. A t  109% 
voltage, the  peak voltage i s  170 (1.09) = 185 vol ts .  A 51 v o l t  zener diode 
was used t o  reduce this t o  the  des i red 134 v o l t  l eve l .  
R8 and C2 a r e  se lected so peak voltage i s  maintained across them even with one 
phase voltage removed. 
SECTION V I  
TEST RESULTS AND DISCUSSIONS 
1. Acceptance Tes t s  
The ARP s u c c e s s f u l l y  passed the  acceptance t e s t  s p e c i f i e d  i n  
Sec t i on  V I I I  . I n  a d d i t i o n ,  t he  In-House s t a t o r ,  Engineering 
Breadboard VRE, and Load Bank a l s o  passed t he  acceptance t e s t s  
o u t l i n e d i n  Sec t i on  V I I I  and q u a l i f i e d  f o r  use  i n  a gas  bea r ing  
t e s t  r i g .  
2 .  VRE Development Tes t s  
I n  gene ra l ,  VRE development t e s t s  a r e  made t o  accomplish the  
fo l lowing  o b j e c t i v e s :  
a .  Measurement of c i r c u i t  c h a r a c t e r i s t i c s  f o r  comparison w i th  
p r ed i c t ed  va lues .  
b . C i r c u i t  op t imiza t i on .  
c .  Determinat ion of component s t r e s s e s .  
d .  Proof t h a t  components and cons t ruc t i on  a r e  adequate f o r  t he  
expected environment.  
e .  Proof t h a t  genera ted  environments (such a s  Electromagnet ic  
I n t e r f e r e n c e )  a r e  w i t h i n  the  s p e c i f i c a t i o n  l l m i t s .  
f .  Matching of  VRE and a l t e r n a t o r  f o r  optimum performance. 
g.  Proof t h a t  t he  complete system meets the  requirements  of the  
s p e c i f i c a t i o n  
Development t e s t i n g  has  been completed t o  accomplish o b j e c t i v e s  
a ,  b ,  f ,  g and p a r t  of c .  
A l l  sys  tem ga in s  and time cons t an t s  were measured. The r e s u l t s  
a r e  shown on t he  b lock  diagram, F igure  20. These r e s u l t s  a r e  
f o r  t he  f i n a l  c i r c u i t  a f t e r  a l l  changes were made. 
The component e l e c t r i c a l  s t r e s s e s  were measured and the va lues  a r e  
recorded i n  Table V of Sec t ion  V .  The component temperatures  
g iven  i n  Table V ,  however, a r e  c a l c u l a t e d  and should be proven 
by a f u l l y  instrumented heat  run. The ca lcu la t ion  method was 
checked by a s ing le  t e s t  on one module. Tes t  temperatures were 
very c lose  to predicted values.  
No t e s t s  have been run to  prove t h a t  the f lyab le  VRE w i l l  with- 
s tand the shock, v ib ra t ion  and accous t i ca l  noise environment. 
It is assumed t h a t  these t e s t s  w i l l  eventual ly  be run as  p a r t  
of the complete system t e s t s .  I f  t h i s  system i s  t o  be applied 
t o  a nuclear source, r ad ia t ion  suscep tab i l i ty  t e s t s  should be 
run on a l l  components not  previously proved adequate i n  o the r  
NASA programs. 
Electromagnetic In ter ference  (EMI)  from radia ted  noise can be reduced 
by shie lding of a l l  interconnections . Conducted noise l eve l s  
can be reduced by addi t ion of RF chokes i n  the sensing leads.  
Chokes have been i n s t a l l e d  i n  the sensing leads on the Brayton 
Cycle system and the enclosures a r e  s u i t a b l e  f o r  connection t o  
shielded cable o r  conduit.  No EM1 t e s t s  a r e  ca l l ed  f o r  on the 
contract .  
B . Performance Tests 
a .  Al ternator  
Figure 21 shows the sa tu ra t ion  curves obtained on the In- 
House ARP and indicate  t h a t  double ra ted  load was achieved with 
l i t t l e  d i f f i c u l t y .  During the ra ted  load t e s t ,  the maximum 
thermocouple winding tempecature was about 120°c based on a 
coolant  temperature of 93Oc (20O0F). Such a r e l a t i v e l y  low 
temperature indicates  the p o s s i b i l i t y  of double ra ted  load contin- 
uous ra t ing  although the l i f e  and e f f i c i ency  would be reduced. 
Eff ic iency over a range of loads i s  shown i n  Figure 22 . This 
d a t a  was taken a t  the Lewis Research Center, NASA, Cleveland, 
Ohio, and shows a t  l e a s t  a  90% ef f i c i ency  obtained from 5 to  
15 KVA, and the maximum ef f i c i ency  occurring a t  11.25 KVA, 
.8 power f a c t o r  a s  ca l l ed  f o r  i n  the spec i f i ca t ions .  The 
a l t e r n a t o r  met a l l  spec i f i ca t ions  except the following: 
(1) Unbalanced Loads 
(2) Maximum Individual  Harmonic 
Although an amortisseur winding was placed i n  the machine, it 
acted primarily i n  the d i r e c t  axis  due to  the locat ion on the 
r o t o r  poles and did  not provide s u f f i c i e n t  amortisseur xeaction. 
No attempt was made to  place an amortisseur i n  the quadrature 
a x i s  due to  add i t iona l  r o t o r  complexity, s o  e a r l y  i n  the program 
power q u a l i t y  was traded f o r  r e l i a b i l i t y .  A s imi la r  s i t u a t i o n  
occurred with harmonic content  where skewing of e i t h e r  the 
r o t o r  o r  s t a t o r  was eliminated f o r  r e l i a b i l i t y  reasons. S ta to r  
skewing would have complicated the c o i l  inse r t ion  procedure 
f o r  the two s t a t o r  s tacks ,  and ro to r  skewing the e lec t ron  beam 
welded pole t i p s .  As a r e s u l t ,  a  strong s t a t o r  s l o t  harmonic 
( t he  25th)  occurred throwing the a l t e r n a t o r  o u t  of s p e c i f i c a t i o n  
a t  the no load cond i t i on  (Table 111) .  
b. Voltage Regulator-Exciter  
Two types of t e s t s  a r e  d iscussed ,  the open loop t e s t s .  on the  VRE 
and the  c losed  l o o p  t e s t s  w i th  the VRE c o n t r o l l i n g  the a l t e r n a t o r  
The open loop t e s t s  prove ou t  the wir ing  of the VRE and a s s u r e  
t h a t  performance of the  components i s  normal. The c losed  loop 
t e s t  is  the proof t e s t  of the system where the  performance can 
be measured i n  terms of the  s p e c i f i c a t i o n s .  
Both open and closed loop t e s t s  were performed on the  Breadboard 
VRE. Open loop t e s t  r e s u l t s  a r e  included i n  Sec t ion  V I I I  f o r  
record  purposes and w i l l  n o t  be d iscussed  f u r t h e r .  
The c losed  loop t e s t s  a r e  d e t a i l e d  on drawing 44A351303 which i s  
included i n  Sec t ion  V I I I .  B r i e f l y ,  these t e s t s  a r e :  
I n i t i a l  Tes t s  
Emergency Shutdown 
High Phase Takeover 
Range and Steps of Adjustment 




Trans i en t  Tes t s  
Shor t  C i r c u i t  Tes t s  
The r e s u l t s  of these t e s t s  a r e  shown i n  the f i g u r e s  which fol low 
and i n  Table 111. 
I n  the  i n i t i a l  t e s t ,  the a l t e r n a t o r  is  brought up t o  speed and then 
the  f i e l d  i s  f l a shed .  The r e g u l a t o r  a c t i o n  i s  checked s u p e r f i c i a l l y  
and the  vol tage  adjustment  i s  checked f o r  proper  r o t a t i o n  and 
ope ra t ion ,  I n  a l l  t e s t s  s o  f a r ,  f l a s h i n g  was n o t  requi red  a f t e r  
the  f i r s t  time. 
I n  the  emergency shutdown t e s t ,  the  input  t o  the  SCPT i s  shor ted  
by r e l a y  con tac t s  provided f o r  t h i s  purpose. This reduces the 
e x c i t e r  ou tpu t  t o  ze ro  which reduces the  a l t e r n a t o r  vo l t age  t o  i t s  
r e s i d u a l  va lue  and e f f e c t i v e l y  removes vol tage  from the  l i n e .  I n  
a l l  t e s t s  s o  f a r ,  when the  r e l a y  was de-energized t o  remove the 
s h o r t ,  the  a 1  t e r n a t o r  vo l t age  r e  turned t o  normal wi thout  f l a s h i n g .  
I n  the  t e s t  of the h igh  phase takeover c i r c u i t ,  vo l t age  i s  f i r s t  s e t  
t o  normal w i th  a l l  phases i n t a c t .  One sensing lead  i s  then removed. 
The breqdboard VRE regu la t ed  a t  131.0 v o l t s  o r  a t  109% normal 
vo l t age  dur ing  t h i s  t e s t .  
The purpose of the  Range of Adjustment t e s t  i s  t o  demonstrate t h a t  
vo l t age  can be ad jus t ed  from 95% t o  105% vo l t age  i n  .25% s t e p s .  
To reduce t e s t  t i m e ,  t e s t s  a r e  made only  a t  the  ends and middle of 
the  range.  The t e s t  r e s u l t s  a r e  shown on Figure  23, i n  which 
vo l t age  t o  t he  next  s t e p  i s  p l o t t e d  a s  a  func t ion  of the  l i n e  
vo l t age .  The curve shows t h a t  some of the s t e p s  a r e  c o a r s e r  than 
the  s p e c i f i c a t i o n  a l lows .  Nothing was done t o  c o r r e c t  t h i s  con- 
d i t i o n  s i n c e  the  adjustment  w i l l  even tua l ly  be e l imina ted  on t r u l y  
f l y a b l e  u n i t s  and the  accuracy of ad.justment on the  breadboard only  
exceeded t h e  s p e c i f i c a t i o n  l i m i t  by 0.1 v o l t .  During c a l i b r a t i o n  
of the r eco rde r  c h a r t  f o r  t r a n s i e n t  t e s t s ,  the  l i n e  vo l t age  was 
ad jus t ed  over  a  210% range.  I f  t he  poten t iometer  i s  changed t o  
reduce the range t o  f5%, the  s t e p  w i l l  a l s o  be reduced t o  one h a l f  
t h e i r  p r e sen t  va lue  and w i l l  then be w i t h i n  t h e  s p e c i f i c a t i o n .  
A f t e r  the Range of Adjustment t e s t ,  t he  l i n e  vo l t age  is s e t  t o  r a t e d  
and the vo l t age  adjustment  i s  no t  changed f o r  the  balance of the  t e s t s .  
I n  the frequency e f f e c t  t e s t ,  the l i n e - n e u t r a l  vo l t ages  a r e  r e -  
corded, no load,  a s  the a l t e r n a t o r  frequency is va r i ed  from 320 t o  
480 h e r t z  i n  40 h e r t z  s t e p s .  The r e s u l t s  a r e  shown i n  F igu re  24. 
During t h i s  t e s t ,  the  l i n e - n e u t r a l  vo l t age  changed a  t o t a l  of 0.3 
v o l t s  o r  0.25%. The s p e c i f i c a t i o n  r e q u i r e s  only  t h a t  ope ra t ion  
be wi thout  d i s c o n t i n u i t y .  
I n  the  v o l t a g e  r e g u l a t i o n  t e s t ,  t he  frequency i s  maintained a t  400 
h e r t z  and load ,  a t  r a t e d  power f a c t o r ,  i s  increased  i n  s t e p s  from 
no load t o  double load.  The r e s u l t s  a r e  shown i n  F igure  25. From 
no load t o  f u l l  load,  the  vo l t age  changed only 0 .3  v o l t s  o r  +.13%, 
compared t o  t he  s p e c i f i c a t i o n  l i m i t  of 21%. A t  150% load,  the  vo l t age  
r e g u l a t i o n  was 0.6 v o l t s  o r  1.25% and a t  200% load, t he  r e g u l a t i o n  
was 0.8 v o l t s  o r  1.33%. A t  the overload p o i n t s ,  the  s p e c i f i c a t i o n  
al lows a  +3% band. The vo l t age  r i s e  is probably due t o  a  change 
in-  a l t e r n a t o r  waveform, which changes t he  r a t i o  of RMS t o  average,  
which i s  sensed by the  r e g u l a t o r .  
Voltage modulation t e s t s  were run a t  no load and f u l l  load .  Tes t  
va lues  were 0.61% a t  no load and 0.17% a t  f u l l  load .  The s p e c i f i c a t i o n  
l i m i t  i s  1% f o r  10-100% load .  
Unbalanced load t e s t s  were run w i t h  the  requi red  loads a s  s p e c i f i e d  
i n  t he  t e s t  i n s t r u c t i o n .  The r e s u l t s ,  t abula ted  i n  Table 111, 
show t h a t  the unbalance i n  l i n e - n e u t r a l  vo l t ages  exceeds the 
s p e c i f i c a t i o n  i n  a l l  c a se s .  The unbalance i s  a  func t ion  of 
amor t i sseur  winding design.  I n  the  development s t a g e ,  i t  was 
recognized t h a t  the  amor t i sseurs  might n o t  be po t en t  enough t o  
l i m i t  the balance t o  the s p e c i f i c a t i o n  goa l  b u t  a  s u b s t a n t i a l  
improvement w a s  expected,  and r ea l i zed ,  over  s i m i l a r  inductor  
des igns  wi thout  amor t i s s e u r  windings. 
T rans i en t  response t e s t s  were conducted by suddenly apply ing  and 
removing r a t e d  and twice r a t e d  load .  The maximum t r a n s i e n t  i n  
vo l t age  and the  recovery time t o  a  p lu s  and minus 5% band were 
recorded. The r e s u l t s ,  t abu la t ed  i n  Table 111, show t h a t  the  
system e a s i l y  meets the  s p e c i f i c a t i o n .  Recordings of t he  t r a n s i e n t s  
a r e  shown i n  F igure  26.  
S ingle  and th ree  phase s h o r t  c i r c u i t s  were conducted t o  prove 
t h a t  the VRE would d e l i v e r  s u f f i c i e n t  f i e l d  power t o  main ta in  
a t  l e a s t  3.0 pe r  u n i t  l i n e  c u r r e n t  under a l l  cond i t i ons .  The 
r e s u l t s ,  t abula ted  i n  Table 111 show t h a t  t he  system meets the 
s p e c i f i c a t i o n s .  A 1  though n o t  shown i n  Table I11 s i n g l e  phase 
s h o r t  c i r c u i t s  were appl ied  to each of  the t h r ee  phases i n  


































































































OUTPUT POWER, KW 
FIGURE 22 
ALTERNATOR RESEARCH PACKAGE 
RANGE O F  ADJUSTMENT 
LINE - NEUTRAL VOLTAGE ( AVERAGE O F  3 RMS) 
FIGURE 23 
ALTERNATOR RESEARCH PACKAGE 









SUMMARY OF TEST RESULTS 
BRAYTON CYCLE ALTERNATOR RESEARCH PACKAGZ 
ALTERNATOR SERIAL NO. AB-374-381 
VRE SERIAL NO. 5888351 
Tes t  Descript ion Tes t  Resul ts  Spec i f i ca t i on  
Flashing Did no t  requi re  f lash ing  None 
Emergency Shutdown Operates (Voltage re- 
covers a f t e r  r e l ay  i s  
de-energized) 
High Phase Takeover 109.2% 
Range of Adjustment - +5% in .  .33% s t eps  
Regulation (NL-FL) - +. 13% 
Frequency Ef fec t  
(320-480 h e r t z  
Voltage ~ o d u l a t i o n  
Unbalanced Load 
3 b load 1 load 
0 11 6 
.61% No Load (1) 
.165% ra ted  load 
1.0 Per Unit Load T ~ n s i e n t  Response 
Applied 
Voltage Dip 21.6% 
Recovery Time .14 sec  
Removed 
Voltage Rise 2 8% 
Recovery Time .19 sec  
2.0 Per Unit Load Transient  Response 
Applied 
Voltage Dip 37 .I% 
Recovery Time .14 sec  
Removed 
Voltage Rise 5 0% 
Recovery Time .24 sec  
None 
Design goal  108 22% 
+5% i n  .25% s t e p s  
- 
Operable w/o 
d iscont inui ty  
1% (10% t o  100% load) 
None 







TABU I11 (continued) 
Shor t  C i r c u i t  
3 phase s h o r t  c i r c u i t  4.10 p.u. 
1 phase L-N s h o r t  c i r c u i t  6.23 p.u. 
1 phase L-L s h o r t  c i r c u i t  3.52 p.u. 
Harmonic Content  and Cres t  Fac to r  
Maximum i n d i v i d q a l  
Harmonic (25 t h )  
No Load 5.4% 
1 . 0  Pe r  u n i t  load 2 -0% 
Root-Mean-Square To ta l  
No load  6.47% 
1.0 Pe r  u n i t  load 2.85% 
C r e s t  Fac to r  
No load 1.454 
1.0 Per  u n i t  load 1.412 
3.0 p.u. min. 
3.0 p.u. min. 
None 
NOTE: T r a n s i e n t  response measured by Ink  type recorder  wi th  a frequency r e -  
sponse of 100 Hz. 
SECTION VII 
SUMMARY OF RESULTS 
An a l t e r n a t o r  research  package c o n s i s t i n g  of a  l iqu id-cooled  homopolar- 
i nduc to r  a l t e r n a t o r  running on rol l ing-element  bear ings  and a  breadboard 
vo l t age  r e g u l a t o r - e x c i t e r  were b u i l t  and t e s t e d .  Rated output  i s  15 KVA, 
1201208 v o l t s ,  three-phase, 400-hertz,  12,000 RPM, and 0.8 power f a c t o r .  
Unique design f e a t u r e s  of t he  a l t e r n a t o r  inc lude  laminated pole t i p s ,  
amor t i sseur  windings and polyimide f i l m  i n s u l a t i o n .  The fol lowing 
performance was measured: 
1. The a l t e r n a t o r  e f f i c i e n c y  exceeds 90% a t  power f a c t o r s  
g r e a t e r  than 0.8 over t he  power range of 4.5 t o  15  KW, 
which was the  maximum power t e s t e d .  
2 .  The maximum e f f i c i e n c y  of 93.5% occurred a t  10 KW and 
u n i t y  power f a c t o r .  
3. A t  r a t e d  output  t he  e f f i c i e n c y  was 91.7%. 
4. A t  0.8 power f a c t o r  and 15  KW (125% of r a t ed )  t he  e f f i c i e n c y  
was 90.8%. 
5. The vol tage  r e g u l a t o r - e x c i t e r  and a l t e r n a t o r  ac ted  t o  l i m i t  
vo l tage  recovery time t o  l e s s  than 0.2 seconds wi th  the  
app l i ca t ion  of one pe r  u n i t  load t r a n s i e n t c .  For appl ied  
loads  the  vol tage  dipped t o  78% of r a t ed .  For load removal 
t he  vol tage  increased  t o  128% of r a t ed .  The regula t ion ,  























































































































































































































Mate r i a l  G .  E .  Spec. Fede ra l  o r  M i l .  Spec. Commercial Spec. P a r t  o r  Usage 
Cement Epoxy 
C a t a l y s t  f o r  above 
Copper, s t r i p  BllB3C2 
Copper, ba r  B l l B 3 3 A  








+ Epoxy Glass  A19B51A1 
Impregnant: 
Epoxy r e s i n  
C a t a l y s t  
F i l l e r  
F l e x i b i l i z e r  
Mica A14AlD 
Nickel ,  Grade B14H18B 
A ,  wi re  
Nickel ,  Grade B14H35X 
A r ibbon 
Po t t i ng  Compound 
Epoxy r e s i n  
QQ-C-576B hard oxy. 





(dead s o f t )  
EPON 828 (Sheel  Chem) Cement modules t o  base of 
T r i e  thylene Tet ra -  housing 





Ca rdo l i t e  NC-5 13 
MPC-52A (GE) 
Terminal f e r r u l e s  and s t r i p s  
on vo l t age  r e g u l a t o r  assembly 
and on r e c t i f i e r  modules. 
Current  c o i l  t e rmina l  pos t s  
on e x c i t e r  
F e r r u l e s  f o r  welding wire  
t o  te rmina ls .  
Bare wire  i n  modules 
Heat s i n k  f o r  SCPT co re s  
Spacer i n  e x c i t e r  
Compound used t o  impregnate 
magne t i c  components. 
R e c t i f i e r  i n s u l a t i o n  i n  r e c t i f i e r  
modules 
Wire leads  on r e c t i f i e r  modules 
Terminal and component i n t e r -  
connect ions on r e c t i f i e r  and 
r e s i s t o r  modules 
P o t t i n g  of modules, magnetic 
components 
Mate r i a l  G. E. Spec. Federa l  o r  M i l .  Spec. Commercial Spec. P a r t  o r  Usage 
A 
c a t a l y s t  f o r  above V-40 (She l l  Chem.) 
Phosphor B l lHl4C 
Bronze 
ASTMBl03-55 Alloy C sanding SCPT (P la in ) ,  L7 
(Tinned) 
MIL-R-00 Type 3065 
Class  J B  
P r o t e c t i v e  gaskets  under 
r e g u l a t o r  - e x c i t e r  
Rubber ~12C6B7 
s y n t h e t i c  
BUNA-N 
Rubber 
S i l i cone  
76-128 (Parker)  "0" Ring r e c t i f i e r  s tud  
i n s u l a t i o n  
9  16 (Dow-Corn ing) Grommets i n  e x c i t e r  Rubber 
S i l i c o n e  
Sealant ,  RTV Al5F6A2 RTV- 102 Seal ing compound f o r  
magnetic components 
Sea lant ,  RTV Al5F6A8 
b-' 
W 
IS Solvent  f o r  D5B79 
above 
C a t a l y s t  
f o r  above 
RTV 108 (GE) 
Chloro thene Nu 
T h e r w l i t e  12 (GE) 
Conformal coa t ing  of 
components 
S i l i cone ,  g l a s s  base Grade 11556 NEMA 
Grade 7  
I n s u l a t i o n  i n  E x c i t e r  
S i l i c o n e  Al5F5D2 
Compound 
RTV- 3  0  P ro tec t ive  coat ing  on 
in terconnect ing  wires  i n  
vo l t age  r e g u l a t o r  f i n a l  
assembly 
S i l i cone ,  Al9B22Al 
Laminated 
Sheet  
Component holder  ( i n s u l a t i n g  
board) i n  r e c t i f i e r  and r e -  
s is  t o r  modules. 
Sleeving Al6B24Bl Teflon (Dupont) Wire i n s u l a t i o n  i n  modules 
Solder  B20D6B Bands and s e a l s  on L7 
S t e e l ,  cold r o l l e d ,  
cad, p l a t e  Frame f o r  laminating on ~5 
Mate r i a l  G .  E. Spec. Fede ra l  o r  M i l .  Spec. Commercial Spec. P a r t  o r  Usage 
S t e e l ,  B3E10, 15 
S i l i c o n  
E l e c t r i c a l  
S t e e l ,  B3F6 
S i l i c o n  g r a i n  
o r i e n t e d  e l e c t r i c a l  
S t e e l  
S t a i n l e s s  
S t e e  1 
Tinned 
Tape, Kap ton, A50CD321Al-5 
Tape, ad- 
hes ive  backed 
CI 
W 
Tape, Glass  A2L7B 
A23B5A3 
Tape, S i -  
l i cone  rubber  
Tape 
Tubing 
f i b e r g l a s s  
epoxy 
Tubing , 
g l a s s  and 











Dupon t Kap ton 
Parmace 1 type 
EE6379 
Se l f  Fusing 
(H K P o r t e r )  
Cores f o r  L5, L7, SCPT 
Core laminat ions i n  L4, L6 
Press  nu t s  i n  va r ious  
assemblies .  
Sea ls  ( c l i p s )  f o r  bands on L7 
I n s u l a t i o n  i n  modules, magnetic 
components, r e g u l a t o r  asm. 
Magnetic component c o i l  and lead  
i n s u l a t i o n  
F i n a l  assembly wi r ing  cord t i e s .  
Wrap f o r  metal  cab l e  clamps. 
(F ina l  Assembly) 
Sea l  magnetic components a g a i n s t  
p o t t i n g  s t r e s s  
Capaci tor  module 
Core tubes 
BH1151 Class  HA1 SCPT s e l f  l ead  i n s u l a t i o n  
SCPT core h e a t  s i n k  
SCPT Current  Co i l s  
Mate r i a l  G.  E .  Spec. Fede ra l  o r  M i l .  Spec. Commercial Spec. P a r t  o r  Usage 
Welding F i l l e r  
Rod 
Wire Hookup 
Wire copper ML i n s u l a t e d  MIL-W-583, Type M, 
M2, M3 
Wire copper HML i n s u l a t e d  MIL-W-583, Type H, 
H2, H3 
Plugs i n  housings f o r  VR 
e x c i t e r  
Nova thene NRRC R e c t i f i e r  modules; vo l t age  
r e g u l a t o r  i n t e r connec t ion  
wir ing .  
M.L. (Dupont) Magnetic component windings, 
r e c t i f i e r  module leads .  
H.M.L. (Dupont) Magnetic component windings 
VRE RADIATION RESISTANT COMPONENTS 
1. R e s i s t o r s  
a .  Low Power - use metal  f i l m  type wi th  ceramic o r  boron f r e e  
g l a s s  core .  P r o t e c t i v e  coa t ing  must be ceramic,  
s i l i c o n e  o r  d i a l l y l  p h t h l a t e  
b. High Power -use wire  wound type w i t h  nickel-chromium a l l o y  
r e s i s t a n c e  element. Cores and p r o t e c t i v e  coa t ing  
must be same a s  above. 
2 .  Capaci tors  
a .  Low capac i tance  - use g l a s s  d i e l e c t r i c  type 
c .  High Capacitance - use tantalum f o i l  type wi th  hermetic  s e a l  
(not  t e f  l on )  
3 .  R e c t i f i e r s  
Use s i l i c o n  type only ,  w i th  g l a s s  o r  ceramic and metal  case .  
Spec i fy  requi red  dosage. 
4. T rans i s  t o r s  
Same a s  f o r  r e c t i f i e r s  
5. Zener Diodes 
Same a s  f o r  r e c t i f i e r s  
APPENDIX B 
Memo Report A-65-001 
Develop Method of Welding Laminations 
t o  t h e  Pole Faces of Rotors, Such a s  
the  Inductor type Generators 
F. M. Kirkpatrick 
Advance Manufacturing Engineering 
Advance Projects 'and Laboratories Operation 
Direct  Current Motor and Generator Department 
Er ie ,  Pennsylvania 
February 12, 1965 
.Abstract:  This development is  cwered by the following 
th ree  phases. 
1. Two r o t o r s  were b u i l t  and spun a t  24,000 RPM without 
any measurable deformation. The laminations at tached 
t o  these  r o t o r s  did not have intra-laminar insula t ion.  
Since the re  were some defects  i n  the  Electron Beam 
welds, and the laminations were not oxidized before 
welding, the  second s t ep  i n  t h i s  development was 
required. 
2. Sample welded assemblies of oxidized laminations and 
r o t o r  mater ia l  were made by I n e r t  Arc welding t h e  edg6s 
of the  laminations adding a deoxidizing mater ia l  t o  
reduce porosity.  The welded surfaces were ground f l a t  
and Electron Beam welded t o  r o t o r  mater ia l ,  These samples 
were X-rayed and t e n s i l e  tes ted .  
3. Packs of oxidized s i l i c o n  i ron  laminations were prepared 
f o r  Electran Beam welding by f i r s t  welding a layer  of low 
a l l o y  s t e e l  by two methods - M I G  (Metal I n e r t  Gas) and 
TIG (Tungsten I n e r t  Gas). 
P a r t  Z af t h i s  r epor t  es tabl ishes  t h e  a t h o d  which was se lected t o  a t t a c h  3% 
s i l i c o n  i ron laminations t o  an AfSI M20 s t e e l  a l t e rna to r  ro to r  pole face. The 
X-ray of the  sample r o t o r s  shswed 6 b t  the  Electron Beam welding c w l d  be imprmed; 
hwever ,  the  strength of the unhproved weld was adequate t o  withstand 24,000 W 
without any deformation. 
Bart I f  r evea l s  methods of imprwing t h e  condition of the  face of the  laminated 
pole which i s  a t tached t o  the  rotor  by Electron Beam welding. Tensile and m t a l l u r -  
g i c e l  telsta indicated t b t  a complete s e a l  weld of a low a l l o y  s t e e l  would be advan- 
a g e o u s  i n  obtaining a jo in t  beeween the 3% s i l i c o n  i ron laminatione and the  r o t o r  
material .  Thlls type 9f j o i n t  would have maximum heat  t r ans fe r ,  excel lent  noagnetic 
q u a l i t i e s ,  and wmid b v e  more s t rength  than the  laminated material .  
P a r t  I11 expleine a method of manufacturing t h i s  jo in t  which can be control led  
thoroughly by welding a h w n  mater ia l  such a s  1.5% nickel  lew carbon s t e e l  t o  the  
edges of the  lamination,grinding f l a t  and Electron Beam welding t o  the r o t o r  m t e s i a l .  
The q u a l i t y  of these  welding processes a r e  c e r t i f i e d  by X-ray inspection. 
CONCLUSION 
The method de ta i l ed  i n  Par t  I11 of t h i s  repor t  was used t o  E l e c t r o n  Beam 
weld the  laminated pole t i p s  t o  the AISI 4620 rotor  for  the  Brayton Cycle a l t e rna to r .  
DEVELOP METHOD OF WELDING LAMINATIONS 
TO THE POLE PACES OF ROTORS, SUCH AS 
Methods of a t t ach ing  laminations t o  pole faces  of the r o t o r  used i n  the Brayton 
Cycle Al t e rna to r  were reviewed, and i t  was decided to  make sample r o t o r s  which could 
be spun a t  overspeed t o  determine f e a s i b i l i t y  of the j o i n t s  considered.  
The a t t ached  ske tch  f136B625013 shows t h e  two methods of a t t a c h i n g  laminations.  
One f ace  of t h e  r o t o r  shows a d o v e t a i l ,  whi le  t h e  o the r  depends on welding only. 
Two r o t o r s  were cons t ruc ted  from t h i s  drawing a s  shown i n  Photo f k l .  
These two r o t o r s  were manufactured a s  follows by our Tool Room: 
1. The main body of t hese  r o t o r s  were machined from a B5Y18 
(AISI 4620) forged b i l l e t .  
2. Stacks of r ec t angu la r  laminations (B3E20L) (3 t o  3.5 S i .  S t e e l )  
.014 x 7/8" x 2-3/4" were pressed together  w i t h  approximately 
200 l b s .  /sq, in .  
3. These s tacks  were he ld  together  by i n e r t  a r c  welding a c r o s s  t h e  
laminations i n  t h ree  p laces  on t h e  2-314" dimension and one 
weld ac ros s  t he  7/8" dimension. 
4. Two of these  s t acks  were dry  ground on each s i d e  s o  t h a t  t h e  
edges of a l l  laminations were i n  t h e  same plane. These two 
s t acks  were used on the  ends of t he  r o t o r s  which were not  
doveta i led .  
5. Two packs were machined wi th  d o v e t a i l s  t o  accu ra t e ly  f i t  t h e  
d o v e t a i l s  machined i n  t h e  r o t o r s .  
6. The r o t o r  designated a s  No. 1 was f i t  wi th  laminations a s  
explained i n  i tem 5,  and whi le  the  laminated pack (noted 
on drawing a s  P t .  4) was clamped t i g h t l y  t o  the  o t h e r  end 
of t he  r o t o r ,  t h i s  pack of laminations was Elec t ron  Beam 
welded from each s i d e  of the  two inch  dimension. 
7. Test  samples were assembled by clamping packs of .014" 
laminations 1" x 3" two inches h igh ,  and t h e  edges were 
i n e r t  a r c  welded t o  hold them i n  place. The ends of  
t hese  packs were then ground s o  the  edges of a l l  laminations 
were exposed, P ieces  of machine s t e e l  112" x 1" x 2" were 
ground t o  c l ean  up on each side.  These p ieces  were clamped 
t o  the  ends of the  laminations and Elec t ron  Beam welded. 
These pieces were used t o  determine the program used t o  weld the  laminated 
f aces  t o  t he  ro to r s .  The program which was f i n a l l y  adapted was 150KV, 25-30 
rnilliamp, 4 in .  per min. whi le  i n  a vacuum of 4 x 10 ' 6  Torrs. 
Pt  was no t i ced  t h a t  t he  s i l i c o n  was drawn out  by the  vacuum and t h a t  t h e  vacuum 
system d id  not  keep up wi th  t h e  outgassing dur ing  t h e  welding cycle.  L a t e r  expe r i -  
ence w i t h  Elec t ron  Beam welding ind ica t ed  t h a t  a  more concentrated beam d i d  n o t  
outgas t h e  m a t e r i a l  a s  much, and more s a t i s f a c t o r y  welds could be made. 
The r o t o r  s h o ~ ~  a t  top of Photo 111 was welded wi th  the above program, The 
p e n e t r a t i o n  of t h i s  welding program was over I" on t r i a l  runs, but  the l o s s  of 
vacuum while welding tne r o t o r  decreased the pene t r a t ion  so  t h a t  t he re  was no t  an 
ove r l ap  of weld a s  a n t i c i p a t e d .  
Rotor ik1 was sec t ioned a s  shown on top  of Photo ik2. The t h r e e  p ieces  removed 
from t h i s  r o t o r  were polished and etched,  then photographed i n  Photo ik6. 
The top  macro, Photo ik6, i s  of t h e  p iece  removed from edge of t he  welded end 
wi thout  dove ta i l .  This  p i c t u r e  en larges  t h e  p iece  a  l i t t l e  over 3 times. This  
i n d i c a t e s  t h a t  t h e  e l e c t r o n  beam melted a s e c t i o n  of a t  l e a s t  7/64'!, which means 
t h a t  t he  beam was wider than it should be i n  order  t o  g e t  good penet ra t ion .  
The cen te r  macro of Photo ik6 i s  of t he  p iece  cu t  d iagonal ly  ac ros s  t h e  welded 
end of Rotor ill. This  macro showed t h a t  t h e r e  was l i t t l e  po ros i ty  i n  t h i s  weld a s  
i nd ica t ed  by the  X-ray of t h i s  r o t o r .  
The bottom macro i s  of a  s ec t ion  of Rotor ik1 taken p a r a l l e l  t o  t h e  d o v e t a i l  
through the  a r e a  which was Elec t ron  Beam welded from t h e  s i d e  of the  r o t o r  w i th  
t h e  beam p a r a l l e l  t o  t h e  laminations.  
Photo ik5 i s  an enlargement of t h e  cen te r  of t he  end of No. 1 r o t o r  wi thout  
d o v e t a i l  showing how the  laminations were he ld  together  by an  i n e r t  a r c  weld which 
f e l l  i n  t h e  a r e a  which was not  welded by Elec t ron  Beam. 
Photo #4 i s  an enlargement of a  d e f e c t  which was loca ted  by X-ray on the  No. 2 
r o t o r .  This  de fec t  has been marked on the  accompanying X-ray, and i n  Photo ik3, 
c e n t e r  view. 
In  t h i s  photo, t he  hole appears  t o  be completely surrounded by s o l i d  m a t e r i a l ;  
however, t he  outgass ing  of t h e  ma te r i a l  i s  of such a na tu re  t h a t  a  s e a l i n g  type  of 
weld w i l l  be requi red  on the  edges of t h e  punching before  e l e c t r o n  welding them t o  
t h e  r o t o r  face.  Since t h i s  e l e c t r o n  beam welding was done before  oxid iz ing  t h e  
laminat ions ,  t he  n e c e s s i t y  f o r  applying a s e a l  weld w i l l  have added requirements. 
Other d e f e c t s  shown i n  Photo ik3 a r e  due t o  t h e  s c a r t i n g  and stopping of t h e  
E lec t ron  Beam welding on the  piece wi thout  s lope  con t ro l  of t he  power on e l e c t r o n  
gun. Due t o  t h e s e  d e f e c t s ,  it was decided t o  make a s e t  of samples wi th  t h e  edges 
of t h e  lamination s e a l  welded wi th  i n e r t  a r c  welding. 
Two m e t a l l u r g i c a l  mounts were made of  t h e  welded sec t ions  t o  determine hardness,  
d i f f u s i o n  a r e a s ,  and g ra in  s t r u c t u r e  of t he  d i f f e r e n t  m a t e r i a l s ,  namely, h igh  s i l i c o n  
s t e e l  laminated s t e e l  t o  low a l l o y  r o t o r  s t e e l .  Due t o  t h e  high s i l i c o n  of t h e  
laminat ions ,  it was considered poss ib l e  t h a t  t he  Elec t ron  Beam welded s e c t i o n  might 
become b r i t t l e .  The a t tached micro hardness t abu la t ion  shows t h a t  t h e  l i n e  of fus ion  
w a s  q u i t e  hard 45 R.C., but a  reduct ion  of hardness on e i t h e r  s i d e  of t h i s  l i n e  of 
fus ion  was gradual  enough t o  prevent  s t r e s s  concent ra t ion .  Tabulat ion 1 - C  s t a r t s  
i n  t h e  r o t o r  m a t e r i a l  and progresses  through the  Elec t ron  Beam weld then through 
. - 
t h e  i n e r t  a r c  melted laminations on i n t o  the  lamination which have no t  been 
e f f e c t e d  by welding. This sample i s  shown i n  Photo 5313 and magnified 50 times 
i n  Photo 5316. 2-B t a b u l a t i o n  and Photo 5314 and magnified Photo 5317 shows a 
hardness p a t t e r n  s i m i l a r  t o  1 - C .  
Doveta i l ing  of the laminated pole t i p s  was r e j e c t e d  s ince  i t  requi red  s e v e r a l  
s t a r t s  and s tops  of the e l e c t r o n  beam weld which r e s u l t e d  i n  cons iderable  po ros i ty  
where the s t a r t i n g  and stopping occurred.  
Distance Appr ox, 
from Line 300 R 
of Fusion Knoop C 
Approx. 
300 R or R 
Knoop C B 





POLISHED AND ETCHED SECTIONS O F  ROTOR NO. 2 
NOTE: X-RAY SHOWED DEFECT SHOWN IN PHOTO #4 
FOR MACRO AND CIRCLED ON THIS PHOTO. 

P H O T O  # 4 
MACRO O F  D E F E C T  MARKED ON X-RAY T O  DETERMINE 
SIZE O F  D E F E C T  20X ACTUAL SIZE 
PHOTO #5 
MACRO OF ELECTRON BEAM WELD O F  NO. 1 ROTOR 
ON THE END WITHOUT DOVETAIL 
PHOTO /I6 
POLISHED AND ETCHED SECTIONS OF ROTOX N O .  1 

50X MAGNIFICATION OF PHOTO 53313 
50X MAGNIFICATION O F  PHOTO 5314 
SECTION I1 
As s t a t e d  previously, the  r o t o r s  b u i l t  were not faced with laminations having 
iwtra-laminar insula t ion.  Dif ferent  mater ia ls  were considered f o r  intra-laminar 
i n s u l a t i o n ,  but due t o  the  r e l i a b i l i t y  necessary fo r  t h i s  app l i ca t ion  a t i g h t  oxide 
of i r o n  was considered most des i rable .  However, t h e  oxide between laminations would 
contaminate the  Electron Beam welding. The s i l i c o n  i ron ,  B3E20L, laminations w i l l  
vaporize excessively when welded due t o  the  high s i l i c o n  content. Due t o  these  
known f a c t o r s  which might prevent a good Electron Beam weld, i t  was considered ad- 
v i s a b l e  t o  i n e r t  a r c  weld ( referred t o  a s  TIG weld) t h e  edges of the  laminations 
adding a k i l l e r  such a s  Titanium Hydride or Ferrmanganese. The l a t t e r  has been 
used with TIG welding f o r  many app l i ca t ions  where s t e e l  with oxide inclus ion a r e  
apparent. It was agreed t h a t  these two mater ia ls  should be t r i e d ,  and the  samples 
were constructed i n  the  following manner: - 
1. Si l i con  s t e e l  B3E20L, .014" th ick ,  was cu t  i n t o  1" x 3" pieces. A quan t i ty  
of 600 of these  were used. 
2. The a b w e  laminations were oxidized i n  our lamination t r e a t i n g  furnace which 
i s  operated a s  per a t tached Manufacturing Process P10-CD3-1. 
3. These laminations were then clamped i n  approximately two inch high s tacks ,  
clamped t i g h t l y  together,  and TIG welded a t  th ree  places on each s ide  of 
the  s t ack  t o  hold them securely together. Four s tacks  of these laminations were 
prepared i n  t h i s  manner. 
4. The 1" x 2" ends of these stacks were ground square with the  s ide  of s t ack  
and p a r a l l e l  t o  each other.  
5. The ends of one s t ack  were painted a heavy coat  of Ferromanganese (60 mesh 
or  f i n e r )  mixed with Alcohol, and the ends of the laminations melted with 
TIG weld. 
6. The welded ends of t h i s  s t ack  of laminations were ground t o  obtain a f l a t  
c lean surface.  
7. Two of the  samples were TIG welded t o  melt the  ends of the laminations 
without a k i l l i n g  media. T h e ~ e  samples were ground t o  obta in  a clean f l a t  
surface.  
8. Blocks of A.I.S.I. 4620 were cut  from the r o t o r s  used i n  the  f i r s t  t e s t s  
and Electron Beam welded t o  the  ends of these s tacks  of laminations. 
9. The four th  sample was TIG welded on the  ends a f t e r  applying a coat  of Titan- 
ium Hydride mixed i n  Alcohol t o  the surface. The ends were f in ished p a r a l l e l  
and Electron Beam welded t o  blocks of A. I. S. I. 4620 s t e e l  and processed i n  
the  same way a s  the other samples. 
One of t h e  two samples which were TIG welded w i thou t  a  k i l l i n g  media was used 
a s  a  sample f o r  s e t t i n g  t h e  E l ec t ron  Beam welder .  The o t h e r  t h r e e  samples were 
E l ec t ron  Beam welded through t h e  two inch  dimensions by welding from each s i d e ,  
p e n e t r a t i n g  a  l i t t l e  over  one inch  s o  t h a t  t h e  E l ec t ron  Beam welds ove r l ap  a t  t h e  
cen t e r .  
The above welds have been pol i shed  and photographed a s  shown i n  Photos #2A, 
#2B, #2C. 
MN. d e s i g n a t e s  t hose  welds which were TIG welded, p rev ious  t o  E l ec t ron  Beam 
welding,  w i t h  Fe r rmanganese  a s  a  k i l l e r ,  shown i n  Photo 2A.  (Ti)  de s igna t e s  t h e  
welds which were TIG welded prev ious  t o  Elec t ron  Beam welding w i th  Titanium Hydride 
a s  a  k i l l e r ,  shown i n  Phbto 2B. 
Photo 2C i s  of t h e  sample which was welded on t he  ends by t h e  TIG process  
wi thout  a  k i l l i n g  media be fo re  it was E l ec t ron  Beam welded t o  t h e  A.I.S.I. 4620 
block. 
Also,  a t t a c h e d  a r e  X-rays of t h e s e  welded samples which show t h a t  t h e  Fe r ro -  
manganese k i l l e d  TIG welding previous t o  E l ec t ron  Beam welding,  producing a  much 
c l eane r  weld than  d i d  t h e  o t h e r  processes .  
To f u r t h e r  s u b s t a n t i a t e  t h e  b e n e f i t s  of Fer rmanganese  k i l l i n g  of t h e  TIC: 
welding be fo re  E l e c t r o n  Beam welding, t h e s e  samples were prepared f o r  t e n s i l e  t e s t s  
by c u t t i n g  each  sample i n  two p a r t s  lengthwise.  These p a r t s  were then threaded on 
each end f o r  5/8-11 t e n s i l e  t e s t  holder .  The welded a r e a  were then  mi l l ed  w i t h  118" 
r a d i u s  m i l l  t o  reduce  t h e  s e c t i o n s  a s  noted on t h e  a t t a ched  t e n s i l e  t e s t  record .  
T e n s i l e  t e s t s  a t t a ched  show t h a t  t h e  Fe r rmanganese -k i l l ed  specimens were 
supe r io r  t o  t h e  o t h e r  specimens. 
It was decided a t  t h i s  po in t  t h a t  a  b e t t e r  c o n t r o l l e d  method of welding t h e  ends 
of t h e  l amina t i ons  should be provided, and s o  M I G  welding w i th  Ai rco  {I609 w i r e  having 
1.9 manganese was t r i e d .  This  process  i s  expla ined  i n  P a r t  III of t h i s  memo r e p o r t .  
TENSILE TESTS 
Date: 1/4/65 
Apparatus Tested: Welds on Laminations. 
I d e n t i f  i- Size  End A Size  End B Ultimate UTS Broke 
No. In. In. 
- - - 
In. In. Sq. In. 
- -  
Load PSI End 
Base Mater ia l  Proper t ies  UTS 
(PSI) 
Pole Tip Laminations (B3E20L, AISI M19) 79,000 





PHOTO # 2 ~ :  Ferromangane se  k i l l e d  TIG welded edges of BSEZOL laminations 
with subsequent Electron Beam weld t o  A I S I  4620 block. 
156 
PHOTO #ZB: Titanium Hydride k i l l e d  TIG welded edges of B3E20L lamination 
with subsequent Electron Beam weld t o  AISI 4620 block. 
157 
PHOTO #2C: Electron Beam weld t o  A I S I  4620 blocks a f t e r  TIG welding the  




F e r r m n g a n e s e  t r e a m e n t  of the  TI6 weld applied t o  edges of the  s i l i c o n  s t e e l  
lamination was e f f e c t i v e  i n  making a surface  which produces a s t rong weld when joined 
t o  t h e  AISI 4620 ro to r  mater ia l .  Since the  amount of  Ferrmanganese used i n  the  TIG 
weld could not  be control led ,  i t  was decided t h a t  a weld should be added t o  the  edges 
of these  laminations using e welding rod of known al loy.  
Four laminated samples were prepared a s  shown i n  Photo 3A. The exposed lamina- 
t i o n s  were welded wi th  the M I G  process using Airco A608 a s  f i l l e r  wire. The chemical 
s p e c i f i c a t i o n  on t h i s  wire is a s  follows: 
Carbon 
Manganese 











. l5% Max. 
.50% 
Remainder 
After  bui ld ing up each end of these  laminations approximately 1/16", they were 
ground f l a t  and then Electron Beam welded t o  APSI 4620 s t e e l  blocks. There were some 
no t i ceab le  pin holes i n  the M I G  weld buildup when ground. One s e t  of 1aminations.was 
TIG welded with a buildup wi th  No. 1 Airco on one end and No. 4 Airco on the  o ther  
end. These welds appeared t o  be f r e e  of pin holes when ground, and the  X-ray of the  
Electron Beam welds where t h i s  surface  was joined t o  the  AISI 4620 were p r a c t i c a l l y  
f r e e  of pinholes while the  pinhole which appeared i n  the  M I G  welded p a r t s  were in-  
creased t o  blow holes when welded wi th  Electron Beam t o  AISI 4620 blocks. 
It i s  Werefore  reconamended t h a t  the edges of the  laminations be sealed by TIG 
welding two l ayers  of Airco 81 wire f i l l e r .  These two layers  should buildup the  
surface  s o  t h a t  it w i l l  f i n i s h  .040" t o  ,060" thick. 
During the  experimental Electron Beam welding, it was evident t h a t  the  alignment 
of the beam with the  ground jo in t s  was very c r i t i c a l .  To insure t h a t  the beam has been 
located cor rec t ly ,  a  reference mark should be scribed on the  ro to r  3/16 inch from the  
j o i n t  and p a r a l l e l  t o  the  ground surface. This l i n e  w i l l  be used t o  check the  pos i t ion  
and alignment of the  Electron Beam weld with jo int .  
A f i x t u r e  was designed to hold the ro to r  i n  alignment with the Electron Beam 
whi le  welding. Since the ro to r  is to  be welded from both s ides ,  f a c i l i t i e s  were 
provided i n  t h i s  f i x t u r e  to  r o t a t e  tne ro to r  exact ly  180' so tha t  alignment can be 
maintained f o r  the weld on each s ide  of the ro to r .  

















The follawing t m e i l e  t e s t 6  subs tan t i a te  t h a t  t h i s  process produces a s t rong 
j o i ~ t .  The above mentioned sample was prepared f o r  t a n s l l e  tests by c u t t i n g  the 
sample i n  ha l f  lengthwise lao t h a t  the  AlSI 4520 ends could be threrded 518 - 11 
and the  Electron Beam welded jo in t  was ground t o  a s e c t i s n  318" squsrre. Tensile 
t e s t s  had an  ultiraate s t rength  of 12,750 and 9,280 lbs. o r  90,SQO lbrt, /sq, in. 
and 66,000 lbs./sq. in. Thee@ t e s t  samples a r e  sherwn on Photo 3B. The ultimate 





X-RAYS O F  S A M P L E S  
SHOWN IN P H O T O  34-- 
T O P  VIEW 
TIG W E L D E D  
WITH AIRCO 
# 1 and # 4 

APPENDIX % 
ADDITIONAL DRAWINGS AND PHOTOGRAPHS 
A.  A 1  t e rna to r  Figure 
1. Anti-drive end view of turboal ternator  s t a t o r  showing connections. 61 
2. Turboalternator s t a t o r  ready f o r  shipment with p ro tec t ive  covers 62 
i n  place . 
3. Close-up view of turboal ternator  s t a t o r  showing f i e l d  c o i l  and 6 3 
thermocouple connectors. 
4. Al ternator  Research Package Assembly ins t ruc t ions  (E .I. 718A303JF) 
5. Load bank schematic and mechanical d e t a i l  




Connection Diagram 44F242243 
Elementary Diagram 44D241414 




















Reactor transformer without 
case 
ANTI-DRIVE END VIEW O F  TURBOALTERNATOR STATOR 
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The s e c t i o n  conta ins  the  fol lowing items: 
A .  Acceptance T e s t  Procedures 
1. A l t e r n a t o r  research  package 
2. In-house s t a t o r  
3.  Engineering Breadboard Voltage Regulator-Exciter  and Load Bank 
B. Performance Tes t s  
1. Breadboard VRE open loop da t a  
2. A l t e r n a t o r  research  package 
3. F lyable  VRE open loop d a t a  
The hardware success fu l ly  passed a l l  acceptance t e s t s  and the  d a t a  is in- 
cluded i n  t h i s  s e c t i o n .  
The breadboard VRE was subjec ted  to the open loop tests s p e c i f i e d  on SI-10713-13, 
Sec t ion  3S2060DR138Al which i s  included i n  t h i s  s ec t ion .  The t e s t  procedure in -  
c ludes  d a t a  s h e e t s  f o r  recording the t e s t  d a t a  as w e l l  a s  i n s t r u c t i o n s  f o r  con- 
duct ing  the  t e s t s  . 
The breadboard VRE and the  ARP a l t e r n a t o r  were subjec ted  t o  the closed loop tests 
s p e c i f i e d  on 4411351303 which i s  included i n  t h i s  s e c t i o n .  
The f l y a b l e  u n i t s  were subjec ted  to  the open loop t e s t s  spec i f i ed  on SI-10713-13 
Sect ion  3S2060DR139A1 which i s  included i n  t h i s  s ec t ion .  No closed loop tests 
were run on the " f lyable"  u n i t s .  
ACCEBTmCE TEST PROCEDUaE 
BRAYTON CYCLE ALTEWTOR RESEARCN PACKAGE 
The t e s t  ob j ec t ive  i s  to  run  an  acceptance t e s t  on the  Brayton Cycle 
A l t e r n a t o r  Research Package (2CM393Al a l t e r n a t o r  and Breadboard 
Voltage Regulator  E x c i t e r )  a s  requi red  by P r a t t  and Whitney A i r c r a f t  
S p e c i f i c a t i o n  6358-A i n  p a r t i a l  f u l f i l l m e n t  of Purchase Order No. 
422752. 
The acceptance t e s t  c o n s i s t s  of ope ra t ion  wi th  no e x c i t a t i o n  a t  
de s ign  speed of 12,000 rpm f o r  30 minutes and ope ra t ion  a t  120% of 
design' speed, 14,400 rpm, f o r  10  minutes. 
The acceptance t e s t  w i l l  be witnessed by P r a t t  and Whitney A i r c r a f t  
and NASA personnel .  The P r a t t  and Whitney A i r c r a f t  and NASA repre-  
s e n t a t i v e  w i l l  be reques ted  t o  s i g n  the acceptance t e s t  d a t a  s h e e t s  
a s  r ecogn i t i on  of the s u c c e s s f u l  completion of the  acceptance t e s t .  
D.  Instrument  Ca l ib ra t i on  
P r i o r  t o  i n i t i a t i o n  of the  acceptance t e s t ,  the fol lowing ins t rumenta t ion  
s h a l l  be ca l i b ra t ed :  
I n s  trumenr Date l a s t  Ca l ib ra t ed  Date next  Ca l ib ra t ed  
E l e c t r o n i c  Counter 1/31/66 
B r i s  t o1  Temperature 2/2/66 
Recorder 
E. Data t o  be Recorded 
To ta l  running time 
T o t a l  acceptance t e s t  time 
Ro ta t iona l  speed (rpm) 
Vibra t ion  on a n t i - d r i v e  end (ADE) and d r ive  end (DE) end s h i e l d  
( inches d e f l e c t i o n ) .  Use l i g h t  beam meter.  
Lube o i l  i n l e t  temperature (OC). Both ADE and DE. 
Lube o i l  o u t l e t  temperature (OC). Both ADE and DE. 
ADE bearing temperature (OC) . 
DE bear ing  temperature (OC). 
Lube o i l  i n l e t  p ressure  (ps ig) .  
ADE bear ing  o i l  flow (aimin). 
DE bearing o i l  flow (#/min). 
Rotor c a v i t y  temperature (OC) . 
Rotor  c a v i t y  is vented t o  atmosphere and thus no pressure  reading 
i s  requi red .  
l. S t a r t  e l e c t r o n i c  counter  and Bris t o 1  Temperature Recorder 
i n s t rumen ta t ion  a t  l e a s t  one ha l f  (1/2)  hour before  t e s t  i s  
t o  s t a r t .  
2 *  Record a l l  thermocouple readings p r i o r  t o  i n i t i a t i o n  of t e s t .  
3. I n i t i a t e  o i l  system ope ra t ion  and o b t a i n  s t eady  s t a t e  i n l e t  o i l  
ope ra t i ng  temperature of 93.3Oc ( 2 0 0 ° ~ ) .  Ad j u s t  bear ing  o i l  flows 
a s  fol lows:  
a .  ABE and DE bear ing  .I38 Gal/min. (15 ps ig  r e f e r ence )  
O i l  w i l l  be MIL-L-7808. 
4. Record thermocouple d a t a  on continuous b a s i s .  Record speed and 
o i l  flow d a t a  every  f i v e  (5) minutes. 
5. E s t a b l i s h  des ign  speed of 12,000 rpm and main ta in  f o r  30 minutes. 
6 ,  E s t a b l i s h  overspeed of 14,400 rpm and main ta in  f o r  10  minutes. 
7 .  Reduce a l t e r n a t o r  speed t o  zero  and s h u t  down o i l  system. 
1. Ro ta t iona l  speed - maximum overspeed, 14,500 rpm ( l i m i t e d  by 
d r i v e  s tand  c a p a b i l i t y ) .  
2 .  Bearing temperature - maximum 150°c. 
3 .  V ib ra t ion  - maximum .002". 
1. Ro ta t iona l  Speed 
2. V ib ra t ion  





ACCEPTANCE TEST PROaDURE 
BRAYTON CYCUE IN-HOUSE STATOR 
The test o b j e c t i v e  i s  t o  run an acceptance t e s t  on the Brayton Cycle 
In-House S t a t o r  a s  requi red  by P r a t t  and Whitney A i r c r a f t  S p e c i f i c a t i o n  
6374. 
The test acceptance c o n s i s t s  of ope ra t ion  descr ibed  i n  Sec t ion  I. The 
t e s t s  s p e c i f i e d  below a r e  intended t o  demonstrate the  s a t i s f a c t o r y  
i n t e g r i t y  of the  a 1  t e rna to r .  
The acceptance t e s t  w i l l  be witnessed by P r a t t  and Whitney A i r c r a f t .  
The P r a t t  and Whitney A i r c r a f t  r e p r e s e n t a t i v e  w i l l  be requested t o  
s i g n  t h e  acceptance t e s t  d a t a  s h e e t s  a s  r ecogn i t i on  of the  s u c c e s s f u l  
completion of  the  acceptance t e s t .  
A l l  i n s t r u m n t s  and equipment s h a l l  be c a l i b r a t e d  a s  necessary  t o  
i n s u r e  t h a t  the  requi red  degree of  accuracy i s  maintained. 
E. Data t o  be Recorded 
Accuracy 
1. Time of Day 
2.  .To ta l  running time 
3 .  T o t a l  acceptance t e s t  time 
4. R o t a t i o n a l  speed (rpm) - +I00 rpm 
5. Gas p re s su re  w i th in  the a l t e r n a t o r  - M . 1  p s i  
c a v i t y  
6. V ib ra t ion  on a n t i - d r i v e  end (ADE) and 
d r i v e  end (DE) end s h i e l d  ( inches 
d e f l e c t i o n )  . Use l i g h t  beam meter.  - +O. 0005 inches 
7 .  Lube o i l  i n l e t  temperature ( 9 ) .  Both 
ADE and DE - +2 OF 
8. Lube o i l  o u t l e t  temperature (OF). Both 
ADE and DE -  OF 
9. ADE bear ing  temperature ( 9 )  - +2 OF 
10. DE bear ing  temperature ( 9 )  +2 "F 
11. S t a t o r  temperature (10 thermocouples) ( 9 )  y 2 9  
- 12. Lube o i l  i n l e t  p ressure  (p s ig ) .  - +0.1 p s i  
13. S t a t o r  coo lan t  temperature (4 thermo- 
couples)  (OF) - +2 OF 
14. ADE bea r ing  o i l  flow (I1lmi.n) - +2% 
15. DE bear ing  o i l  flow (#/min) - +2% 
16.  A l t e rna to r  power o u t p u t  - +2% 
17. A l t e rna to r  vo l t age  o u t p u t  pe r  phase - +2% 
18. A l t e rna to r  c u r r e n t  ou tpu t  per  phase - +2% 
19. F i e l d  i npu t  vo l t age  - +2% 
20. F i e l d  c u r r e n t  - +2% 
F ,  T e s t  Conditions 
1. The s t a t o r  l i q u i d  coo lan t  i n l e t  temperature s h a l l  be ZOOOF 220%'. 
2. During a l l  t e s t i n g s ,  the  r o t o r  s h a l l  be maintained a t  t he  des igna ted  
speed of 12,000 rpm_+300 rpm. 
3. The a l t e r n a t o r  c a v i t y  p re s su re  s h a l l  be maintained a t  10.5 p s i a  
+0.5 p s i  us ing  a i r  f o r  a l l  t e s t s  except  a s  s p e c i f i c a l l y  noted.  
- 
G .  Operating Limits  
1. Bearing temperature - maximum - 150%. ( 3 0 2 0 ~ )  
2. Vibra t ion  maximum - .002" (double ampli tude)  
3. S t a t o r  winding temperature - 1 8 0 ' ~  maximum. (356O~) .  
H. Pre-Test  Operating Procedure 
1. S t a r t  e l e c t r o n i c  counter  and B r i s  t o1  Temperature recorder  
ins t rumenta t ion  a t  l e a s t  one ha l f  (112) hour before  t e s t  is  t o  
s t a r t .  
2. Record a l l  thermocouple readings p r i o r  t o  i n i t i a t i o n  of t e s t s .  
3. I n i t i a t e  o i l  system ope ra t ion  and o b t a i n  s t eady  s t a t e  i n l e t  o i l  
opera t ing  temperature of 93.3Oc (200°F). Adjust  o i l  flows a s  
fol lows:  
ADE and DE bea r ing  . I38 ga l lmin  (15 ps ig  r e f )  o i l  w i l l  be 7808. 
S t a t o r  1.38 gal lmin.  (3  p s ig  r e f )  o i l  w i l l  be 7808. 
4. Record thermocouple d a t a  on a continuous b a s i s .  Record speed 
and o i l  flow d a t a  every  t e n  (10) minutes. 
5 .  E s t a b l i s h  des ign  speed of 12,000 rpm and no load.  Maintain t h i s  
cond i t i on  u n t i l  a l l  temperature s t a b i l i z e s .  Record speed, 
temperature, and o i l  flow. 
6. Begin t e s t i n g  a s  descr ibed  i n  s e c t i o n  I. 
I. T e s t  Procedure 
1. Af t e r  temperature has  s t a b i l i z e d  a t  no-load, ope ra t e  the a l t e r n a t o r  
a t  15 KVA, 0.8 ( lagging)  power f a c t o r ,  12,000 rpm, t h r ee  (3) phase 
u n t i l  a l l  temperatures have s t a b i l i z e d .  
2. Shor t  t h r ee  (3)  phases f o r  a  per iod  of 5  seconds maximum, a f t e r  a l l  
temperatures  have been s t a b i l i z e d  a s  s t a t e d  i n  paragraph 1. Record 
a l l  d a t a .  
3. Return the  a l t e r n a t o r  t o  the cond i t i on  s t a t e d  i n  paragraph 1, 
af  t e r  conducting the t e s t  de sc r ibed  i n  paragraph 2 ,  and s t a b i l i z e  . 
When the a l t e r n a t o r  i s  s t a b i l i z e d ,  s h o r t  one (1) phase f o r  a  
per iod  of 5  seconds maximum. Record a l l  da t a .  
4. Re - s t ab i l i ze  the a l t e r n a t o r  a t  no-load, 12,000 rpm. A f t e r  
s t a b i l i z i n g ,  opera te  the a l t e r n a t o r  from zero  t o  12 WE, t h r e e  
(3) phase, 0.8 ( lagging) and u n i t y  power f a c t o r  i n  increments  of 
2  WE (0, 2, 4 ,  6 - 12 WE). S t a b i l i z e  s t a t o r  and bear ing  
temperature a t  each load po in t  and record a l l  d a t a .  
5.  Return a l t e r n a t o r  t o  no load cond i t i on  12,000 rpm, and s t a b i l i z e .  
Reduce c a v i t y  pressure  t o  7.2 p s i a .  Operate a l t e r n a t o r  from z e r o  
t o  6  WE, three  (3)  phase, 0 .8 ( lagging)  and u n i t y  power f a c t o r ,  
i n  increments of 2  WE (0, 2, 4, 6 WE). S t a b i l i z e  s t a t o r  and 
bear ing  temperature a t  each load po in t  and record a l l  d a t a .  
6. Re - s t ab i l i ze  a l t e r n a t o r  a t  the no load condi t ion ,  then ope ra t e  
a t  3.33 KVA, un i ty  power f a c t o r ,  wi th  the load connected from 
one phase t o  n e u t r a l  and the  o t h e r  two phases open f o r  a period 
of t e n  (10) minutes, continuous. Record d a t a .  
7 .  Return a l t e r n a t o r  t o  no-load, no e x c i t a t i o n .  S t a b i l i z e  a l l  s t a t o r  
and bear ing  temperatures. Record a l l  d a t a .  
J .  ,Post T e s t  Procedure 
Shut down a l t e r n a t o r  and record a l l  d a t a .  
The t e s t  s h a l l  be considered a s  having been s a t i s f a c t o r i l y  completed 
when no changes t o  the con f igu ra t ion  have been made except  as author ized  
by P&WA, and the fol lowing condi t ions  have been met: 
a .  V ib ra t i on  a t  the  bearing mounts does n o t  exceed 0.002 inch  double 
ampli tude.  
b. There i s  no i n d i c a t i o n  of con tac t  o r  s e i z u r e  between the  r o t o r  and 
s t a t i o n a r y  p a r t s .  
c .  The s t a t o r  l i q u i d  coolant  temperature r i s e  s h a l l  n o t  exceed 8% 
(15% ) . 
d .  The s t a t o r  temperature s h a l l  no t  exceed 180°c (356OF). 
e . The a l t e r n a t o r ,  vo l t age  r egu la to r - exc i t e r  and load bank demonstrate 
s a t i s f a c t o r y  e l e c t r i c a l  i n t e g r i t y .  
f .  Abnormal ope ra t ion  of  the a l t e r n a t o r ,  vo l t age  r egu la to r - exc i t e r  and 
load bank a l l  be s p e c i f i c a l l y  noted on the  t e s t  log.  
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A i R C R A F T  G E N E R A T O R  T E S T  D A T A  S H E E T  
ER?E PUNT, BIdIL6381dG l F 
BRAYTON CYCLE LOAD BANK AND ENGINEERING BmABBOAWB VOLTAGE REGUMTOR-EXCIZR 
The t e s t  o b j e c t i v e  i s  t o  run an acceptance t e s t  on the Brayton Cycle 
Load Bank and Engineering breadboard vol tage  r e g u l a t o r  exciter as 
requi red  by P r a t t  and Whitney A i r c r a f t  S p e c i f i c a t i o n  6374. 
The t e s t  acceptance c o n s i s t s  of ope ra t ion  descr ibed  i n  s e c t i o n  I. The 
t e s t s  s p e c i f i e d  below a r e  intended t o  demonstrate the  s a t i s f a c t o r y  
i n t e g r i t y  of  the  load bank and Engineering breadboard vo l t age  r e g u l a t o r  
e x c i t e r .  
The acceptance t e s t  w i l l  be witnessed by P r a t t  and Whitney A i r c r a f t .  The 
P r a t t  and Whitney A i r c r a f t  r e p r e s e n t a t i v e  w i l l  be requested t o  s i g n  
the  acceptance t e s t  d a t a  s h e e t s  as r ecogn i t i on  of the  succes s fu l  completion 
of t h e  acceptance t e s t  . 
A l l  ins t ruments  and equipment s h a l l  be c a l i b r a t e d  a s  necessary t o  i n su re  
t h a t  the requi red  degree of  accuracy i s  maintained. 
E. Data t o  be Recorded 
1. Time of day 
2. T o t a l  running time 
3.  To ta l  acceptance t e s t  time 
4. R o t a t i o n a l  speed (rpm) - +I00 rpm 
5. ADE bear ing  temperature (OF) - +2 OF 
6 .  DE bear ing  temperature (OF) -  OF 
7 .  S t a t o r  temperature ( 5  thermocouples) (OF) - +2 OF 
8. S t a t o r  coolant  temperature (2 thcrmocouples) 
(OF) - +2 OF 
9. A l t e r n a t o r  power output  - +2% 
10.  A l t e r n a t o r  vol'tage ou tpu t  per  phase - +2 % 
11. A l t e r n a t o r  c u r r e n t  ou tpu t  per  phase - +2% 
12. F i e l d  i n p u t  vo l t age  - +2% 
13. F i e l d  c u r r e n t  - +2% 
F. Tes t  Condit ions 
1. The s t a t o r  l i q u i d  coolant  i n l e t  temperature s h a l l  be t a p  water  
temperature.  
2.  During a l l  t e s t i n g s  the  r o t o r  s h a l l  be maintained a t  the designated 
speed of 12,000 rpm 1300  rpm. 
1. Bearing temperature - maximum - ~ O O O C  (212O~)  
2. Vibra t ion  maximum - .002" (double amplitude ) 
3 .  S t a t o r  winding temperature - 180°c maximum. (356O~)  
1. S t a r t  e l e c t r o h i c  counter  and B r i s t o l  Temperature Recorder instrumen- 
t a t i o n  a t  l e a s t  on ha l f  (1/2)  hour before test i s  t o  s t a r t .  
2.  Record a l l  thermocouple readings  p r i o r  t o  i n i t i a t i o n  of t e s t s .  
3. Record tht?rmocouple d a t a  on a  continuous bas i s .  
I. Tes t  Procedure 
1. Operate the a l t e r n a t o r  a t  15 KVA, 0.8 ( lagging)  power f a c t o r ,  12,000 
RPM, th ree  (3)  phase. Record a l l  d a t a .  
2. Shor t  t h r ee  (3)  phases f o r  a  period of 5  seconds maximum. Record 
a l l  d a t a .  
3 .  Return the a l t e r n a t o r  t o  t he  condi t ion  s t a t e d  i n  paragraph 1, a f t e r  
conducting the t e s t  descr ibed  i n  paragraph 2 ,  and then s h o r t  one (1) 
phase f o r  a  period of 5  seconds maximum. Record a l l  d a t a .  
4 .  Return the a l t e r n a t o r  t o  no-load, 12,000 RPM. Operate the a l t e r n a t o r  
from zero  t o  12 WE, three  (3 )  phase, 0.8 ( lagging)  and u n i t y  power 
f a c t o r  i n  increments of 2  WE (0,  2, 4, 6  - 12 WE).  Record a l l  d a t a .  
5. Return a l t e r n a t o r  t o  the no load condi t ion ,  then opera te  a t  3.33 
KVA, u n i t y  power f a c t o r ,  wi th  the Laad connected from one phase t o  
n e u t r a l  and the o t h e r  two phases open f o r  a  period of ten  (10) 
minutes, cont inuous.  Record da t a .  
6. Return a l t e r n a t o r  t o  no-load, no e x c i t a t i o n .  Record a l l  da t a .  
J .  Pos t  Tes t  Procedure 
Shut  down a l t e r n a t o r  and record a l l  d a t a .  
The t e s t  s h a l l  be considered a s  having been s a t i s f a c t o r i l y  completed when 
no changes t o  the con f igu ra t ion  have been made except  a s  au thor ized  by 
P&WA, and the  fol lowing condi t ions  have been met: 
1. The vo l t age  r egu la to r - exc i  t e r  and load bank demonstrate s a t i s f a c t o r y  
e l e c t r i c a l  i n t e g r i t y .  
2 .  Abnormal ope ra t ion  of the vol tage  r egu la to r - exc i t e r  and load bank s h a l l  
be s p e c i f i c a l l y  noted on the  t e s t  log .  
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STANDING INSTRUCTEONS 
TEST PROCEDURE FOR VOLTAGE REGULATOR-EXCITER 3S2060DRl38Al. 
CUSTOMER BREADBOARD 
1. E lementa ry  44D241414 
Connection 44F242243 
2 .  
a .  Line-Neutra l  Voltage 0-150V A. C. 
b. Mag-Amp Control  c u r r e n t  0-15 MA. D. C. 
c .  SCPT Control  C u r r e n t  0-2 Amps D. C. 
d. Fie ld  C u r r e n t  0-10 Amps D. C. 
e .  A .  C. Hipot T e s t e r  
f. Fluke Differeritial D. C. Voltmeter 
g .  A n a l ~ z @ r / l . ~  Hy. 
h.  Inductive Plus  Resis t ive  Fie ld  Load (Total  5.0 D. C 
500 Watts 
i. Brush  Recorder  
j. Decade  Res i s to r  Box 
k. D. C. Kipot T e s t e r  , ,  
Resis tance)  
3. Wire  Check 
a .  Completely wi re  check VR-E per  Elementary 448241414 and 
connection d iagram 44F242243. 
4. 
a. Connect a l l  outside t e rmina l s  together,  shorting a l l  r ec t i f i e r s ,  
- 
a l l  t e rmina l s  of t r a n s i s t o r s  and a l l  capaci tors .  
b. Wipot f rom a l l  t e rmina l s  to ground a t  1800 volts D. 6.. cur ren t  
l imited, for  1 minute.  
c. Wipot f rom a l l  t e rmina l s  to  ground a t  1250 volts r m s ,  60 cps fo r  
1 minute.  
d. Remove a l l  shor t ing wi res .  
5 .  
a.  Open a l l  wi ree  on TB2-1, TB2-3, TB2-5. 
b. Connect VR-'E a s  shown in t e s t  6, sheet  2. 
c .  With 120V L-N applied s e t  R4 s o  that Ic r e a d s  7 .5  ma .  
d. With 120 volts applied l ine-neutra l  (ave. of 36) make  the 
following voltage m e a s u r e m e n t s  using a Fluke Differential 
vol tmeter .  (COUT 0t-J s M E 1 7  2) 
11111 @ I L I P T I I C  
STANDING INSTRUCTIONS 
5 .  
e .  Record values measured  Yp Table 1, Sheet 7 
6 .  
a. Connect VR-E a s  shown below. Break c ircui t  23 and ineert  0-2  
a m p  D. C .  m e t e r  o r  upe Hewlett-Packard D. C .  Clip-On Ammeter .  
b .  Remove jumper between TB3-1 and TB3-2 and ineert  m e t e r  Ic. 
0- 120 Volts  
10713 SECT. 13 
3S2060DRl3RAl SECTION-- - - - - - - - -- - - - _-_- - -- - - 
6.  t Con't 
c.  Maintaining 120 volts l ine-neutral approximately, vary pot R 4  
so  that Mag-Amp Ic varies  from 6-10 ma .  an3 record  values on 
sheet 8, Table 3 an4 plot resul ts  on Figure 1, Sheet 8. 
d. Re-set  pot R4 so  that Ic reads 7 .5 .  ma.  
7 .  Sensitivity Test  
a .  Leave panel c%'n%Gcted a s  above and vary line-neutral voltage 
from 117-124 volts L-N (average of 38) and record resulting values 
of magsamp I, on Sheet 10 , Table 4 ,  
b. Plot resul ts  on Figure 2, Sheetg, 
C.  Rc-ccnnect wires  on TBZ-I, TBZ-3, TB2-5. 
8.  Exciter Gain Tests  - No Load 
a .  Connect VR-E a s  shown below. 
b. Leave 0-2 Amp Meter in circuit  23 a s  used in previous test .  
5 ohms 
total D. C 
Resistanc 
c. Maintaining VL-N a t  120V (average of 38) ,  vary pot R 4  so  
that Mag-amp load current  var ies  from 0-1.4 amps and record 
resulting values of I field on Sheet 10 , Table 5. 
d .  Plot results on Figure 3, Sheet 11. 
e .  Re-set pot R 4  so  that Mag-amp 1, reads 7 .5  ma. 
---------- -- - - - -  - - - - -  
INSTRUCTIONS 3SZ060DR138Al SECIIOU... ---- -- - -  ---  -- - ----- 
9. Over Voltage Tests  
a .  With panel connected a s  above, s e t  VL-N to 120 volts (average 
of 3 6 )  and measure  voltage from circuit  29 ( / )  to circuit  7 ( - ) .  
This voltage should be 134 4 o r  - 1.0 volts D. C. 
Record Vcl 
b. Measure and record voltagc ac ros s  C.2, Vc2 ,,, Z N E t ~  1 5 : .  Should 
- 
be 127V. 
c .  Open power supply wire to TB2-I. Increase L-N voltage on other 
two phases until Vcl returns to value recorded above. Record 
VL-N required to do this0i;d g n r r r  ,a. 
5 .  Use Fluke Differential Voltmeter to measure  these voltages. 
10. CCR Tests  
a .  ~ ~ ~ i y 2 8  volts D. C, to TB1-4 and TB1-5. 
Do Not Apply Any Other Power To Panel. 
- -
b. Record data in Table 2 ,  Sheet 7. 
c .  Measure resis tance ac ros s  the following points: 
10713 SECT. 13 
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INSTRUCTIONS 3~2060DR138AL SECTION-- - - - - - - - - - - -- - - -- - - 
CON7 ON SHEET - - 6 - - - S* Id0 .. - -5- - 
11. Trans ien t  T e s t s  
-- 
a. Connect VR-E a s  shown below 
1 
5 Ohms Total  D. C. Resis tance 
Apply l20V L-N (ave) and adjust  pot R4 s o  I  f ield i s  approximately.  
1.70 a m p s .  
Disconnect power and connect a  decade r e s i s t o r  box and switch 
in s e r i e s  a c r o s s  R5 ( f rom circui t  33 to ground).  Switch in Off 
sHaw@ J M  S N B T C M  / B B O V E >  
Adjust decade r e s i s t o r  box i n i t i ~ l l Y ~ 9 ~ . o h m s .  Readjust per (e) bebw 
Turn switch to  on position and check Ifiel+ Should be 3 .5-4.0  a m p s  
with  b r u s h  recorder  and f i l ter  connected a s  above and 120 volts L-N 
applied,  tu rn  switch (connected in s e r i e s  with 3ecade box a c r o s s  
. - 
R5) On, then Off, an3 record  the t ransient  t ime .  
S7lbmit curves  obt ained with other  t e s t  data.  
Turn power Off and disconnect switch and decade r e s i s t o r  box f r o m  
panel. 
Re-apply power (120 volts L-N, Ave.) and adjust  pot R4 s o  that 
Mag-Amp Ic i s  7.. 5 ma.  
S e t  Brush  R;!corder s o  pen moves approximately 20 Div. and run 
r e c o r d e r  a t  S m m l s e c .  
o E R A L @  ELECTRIC 
- I 1 0 7 1 3  SECT.  13 SI - - - - - - - - - - - - - - - - -- - - - 
G INSTRUCTIONS sccTloN--- ~ s z Q _ ~ _ ~ ~ c w L _ - -  
12. Load T e s t s  





D. C .  
Res i s ta  n 
b. Maintaining V L - N  a t  120 volts, vary pot R4 s o  that Mag -Amp load 
cur ren t  va r ies  f rom 0-1.4 a m p s  and record  resu l t s  in Table 7, 
Sheet 12. 
c .  Plot r e su l t s  in F igure  4 ,  Sheet 13. 
4, Re-se t  pot R 4  s o  that Mag-Amp I, i s  7 .5  ma .  
I CON1 ON SHEET -- -!-- -- Sn N O .  - -L-  -1  
D A T A  SHEETS 
1. Wire Check 
-- 
. (Check if 0.  K.) 
2 .  H i p o t  0, K. . (Check if 0. K.)  
3 .  V o l t a g e  Checks  
T A B L E  1 
4 .  C C R  Test  R e s u l t s  
T A B L E  2 
C I R C U I T  i E 1  
NO. {++-I 7 1 n 
S E R I A L  N U M B E R  5 
Sh ---1_oY_sB-s_Bc_"pZZ13-33 
STANDING INSTRUCTIONS S L C I I O W - 3 ~ ~ _ o ~ - ~ ~ z ~ ~  - - - - - 
CONr ON SHEET -- - ----  SM NO .----- 
I 
DATA S M B S  
5.  Mag-bp Gain Test Results 
UG...A)r4P CHARACTERISTIC CTJRV& 
Slope of  curve batween 200 and 1 0  U. t o  be 400 t o  700 me/ma. 
llinlmrrm I,t to  be 70 ma. or Isrs. 
S E R I A L  NUMBER --- ~888/35 1 
-- 
o ERIL @ I IEE~RIF 
STANDING INSTRUCTIONS IS I - - &R&3- 8-KT s,crjoM--3~~6~~ba~~S~& ---- 
L 4 t ~ ~ ~ @  ELECTRIC 
r z  INSTRUCTIONS 10713 SEGT. 13 IS! - -  - -  . ---- -----  s,T,, - - 3SgQ6_OBPP3.PU - - - - 
cow on s H E u  -=- - - s H  Nu. -lo-- 1 
L I 
DATA mEEP% 
Sensitivity Test ResuPts (Con"L,) 
TABLE 4 
.. . . I-. - - .--- 
& g - h P  Control 
----.-. Current 1 
7. Ereitef Gain Test - No Load 
TABLE 5 
S E R I A L  N U M B E R  

b - . d ~ ~ & b  @ E ~ E G S R ~ &  
-- 
INSTRUCTIONS ~ L c T ~ o N -   - 3S%MODR13&1 - - - - - - - - - - - .. - -- - - 
CONT ON SHEET - -  -PJ--L.H 1'0.-=- 
8. overvoltage Test Results 
Exciter Load Test Results 
T a L e  7 
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STANDING INSTRUCTIONS sccTtoti-2 -----  5;; 3 & 3 D F  " -4  P :  
I 
SKEETC t i  1 
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5 .o ion 
6.0 
7.0 COdlitiogl 
8.0 - 15.0 M t r  
16.0 Ibacard.r Circuit 
17.0 mat Circuit 
18.0 I- ~ i r t  
I 
R.vi.ionr 
%%hi@ e@cUioaL,llon &dw Wffib@ %h terb %s ha coPlrrtlntd sa t b  
B~B-a Cysb Bm VFG &&B t h  a l  temator for B;M & t & h % e ~ ~  
&eemh mm. 
me rsgator senses tb avrr M Urn to m u t r a  vdt-s 
cantrob t b  a l t e rna to r  ZisU 
120 V. 
Z h  &Lw s%@ -6 be eapablr sf dcliverlng 24 I(&J at 12,368 ma. 1% wt W 
~ r y p a b h  of b r l v i ~  %k al ternator  Eib & 320-m c1p.e 
a - p  w& 0.80 p . ~ . ,  3 d 9  m/d V, b eps 
0-8 MA, I,O g.il,, 1.8, m V, k m  ws at 8- ti= PUS 3 $ d t ,  ,.re l d  @ 
3 15 rh& cipcuit lWQ, 5 see. 
0-12.5 KW, 1.0 p.f., 9, 120 V @I 
A 1  t e r n a t o r  
These twts w e  Lo be ran with the alternator fo r  the  Abtermtor Rm-eh Pae-e. 
(See alternator wtline drawillg for requirmwt ) 
Ba em10gdt ?1a rsquired for the ragulalor. Regulator is t o  be iry~linted on a sack 
&%h at ~ a m t  1foot e l  e W V ~  a d  @&ow. Baek of rack i s  t o  be open. 
rstr shslll Bs callbra- asL rwlflrr than am mnth  bfom m a .  
0-5 wo M f  b em, I$ a e  
Use d % h  w r n x a % e Q  15:1 m% L B$ m c u r ~ c y  (3  req'd) 
POP short eircuit w e  ~ r d m t e l b y  e equipwd with 
koUing dsdcs $a hau at ,em sradlw. 
Use s i ~ b e  phme m t t m t e r  with 150 V, 5s eolbs. (3 r e q u i d )  Ccalibrate at b0 cps 
La L Z$ mcurwy. Uee th=a approxfmeLaly 15:1 ratib CT'e speiQieB fcr 
Reeo*r PP~QWI~CJI. mapgme 20 ens Irrbnbn W d3lw circuitry eonmeted ES 
shorn in 16.0. One-ha division sccurasy. Uec? Bmeh Recorder m k  I1 or cquf- 
v-nt. (-6 edibbration Hs& lb4.1) 
6.2 Recold s e r i a l  m of all m t c m  d ine t  ntr  on sheets In section 18.0. 
6.3 Recod all fast b t a  on sheets i n  ec'ctian 19.0. 
7.0 Test CoDditions 
Tests win be ratory at Erie, Plllnarrylvania. M i a n t  temppsrature wi l l  be 
25 f 15°C. 
8.0 Initial m e t s  
8.0.1 Consect equiparsnt ssl shown i n  section 17.0. Cowlalsly chack dl wiring. 
8.0.2 n t h  a l te rwtor  ng at 400 cpr no h&, c b s e  sw mmntari ly,  ( f ie ld  c u m n t  
should be amraximately 3.0a). 
8.0.3 Alternator voltage shoule$ approxi=t@ly .G?o '4 L-??. If m t ,  shut down imardiately 
and check for  c w a .  
8.0.4 If vol twe i s  sqppmximLely 120 V L-M, vary volt- set t ing sl ight ly t o  see that  
voltage c sdl that CV rotation incrcmes l i r sg  volt-. 
With alternator ng a t  no %did, rated volt-, encrgizc CCR. Alternator  voltage 
should go t o  mm. 
Daammim OCR aud f l s l h  al ternator .g&n i f  mcerssuy. Al t e rna to r  vol twe rhoulB. 
raturn t o  
With a 1  term to r  ng at ab lo&, ratedl volt-, opan one seming Icd t o  rcguLaLor. 
Volt- shbuld go to  lo8ql f 216 on h Q b r t  ph.re. Recomct the open p b e .  
9.1 A t  no laad se t  Urn-neut ra  vdtegar t o  U 4  voltr.  b m w t m t e  that  volt- can be 
r e t  at 114.3 rrrd 114.6 volts.  
9.2 8et =ah-ruutra vblt.(la at I20 volts.  Demmtrate that  l i r t r ,  volt- can be s a t  
a t  u9 .7  a t  m.3 volt.. 
9.3 Sct l iah volt- at a voltr. I)emnetrate that  l i m  volt- csrn k s e t  a t  125.7 
sdl 125.4 volts. 
fO .I Run VRE alternab r a% M Is& &a f m W W y  sa t  a t  400 L h cps * 
ll.1 ht ~ q ~ n c y  at 320 cpta d t b  alternator a t  m b.d. Record fraqwncy, the t h m  
linc-to-Urrrs voltage., flaPd volt*, fieU c nt  aad. central  c 
ll.2 Re*& at 360 eps, '4Qi3 cps, 440 cps d 4&0 cps. 
12.1 w i t h  alternator at rated epaad snd voltarge, no %a&, rna~lw the voltage mdulatian. 
12.2 Repcat a t  rated valtygle, b a d  .ad parnr fsetor.  
12.3 Repaat a t  rat& rp.+b, volt- lred pamr f ~ c t o r  at h a  l a d .  
13.0 Unbalance bsd Wet 
13L3.1.11 Run ,alternator at m Iibdyralcrd v4- d rsW fmqu(tW. 
13.1.2 &* a riwl* phrue Urn-k, 
unity ~ e f r  
Record tfvc threc l i aa- to-wutr r l  
f i a ld  volt.gc, f i e ld  c 
1 
I343.L alternator .t 1/3 rabd cwrent ,  unity p e l . ,  t h e ~ p b a  load (27.h) &t rated @ 
voltage a d  f r v m y .  
13.4 
13.4.1 RUB alternator& fj/6 rsw current, d t y  p.l., threephaee l r e d  (34.7a) a t  rated @ 
voltage d i r q w c y .  
14.0 Trensiant Tests (Recovery tires and voltage r i s e )  
14.1 C o w c t  mcohdcr as sbvn i n  16.0 
Calibrakc c h m  by mcording valt~iga with voltligc ea t  a% 114,120 %id 126 V, 
With ths  alternator i n i t i d y  a t  M d rat& a m ,  wb rsW lord st 
rented pamr irrctor. Record the t . &o mcoFd, OD &&a imqwncy, 
thw-lint voltclr(~bs, thme-l iaa clumals ,  
nt d control c trsslsirnl. %ao& ehrrL 8 
vo l twe  cd lb ra t i on  from 14.1. 
Repcat l o r  W mmavd. 
t qpply 2.0 psr unit lo& a t  rat& pomr f l l ~ t o r .  
Rewat 14.4 bar ~ c n r a ~ a l  
Run plternatorior 1 hour a t  is rrL mLcrd id bsd m- 
tm, With ,alternator l n i t i w  at. rm nolardl m&r t h r r a - p b @  ahor% c i r c d t .  
Bold ohad c i s c d t  f o r  i iw seconds. 
Record %ha i e b d w  on a dsLs o m %  bfm aad during t h  shofl cimuiL. 
s) Thrcaa l im- to-Urn  volt-s 
b currents., u e l q  
c 1 fbcrbd cusmnl* 
d) Al tenxitor f i e l d  v 
a )  VRE control c 
f) - Q - ~ Y  
R a p a t  f o r  o w  ghrrr, ailre-ta-nsutrsl.shsrL c i rcu i t  an p h e  14, 2-H, 3 - N .  
EPIpeat f o r  aar p , l iw- to-1 im s h ~  c l r cu i t ;~  on p h m  1-2, 2-3, 3-1. 

17.0 CONNECTION DIAGRAM 
N 
TB2-3 TB2-4 
REMOVE .JUMPER BETHEEN TB1 AND 1137-2 AND CONNECT 
AMMETER AS CfiOUN 
CALZBRBTION 
Line Currant 
Cur i en t  Trmsf n n r  
VRE I 
19.0 
1'9 e l  b\/@ +jG P!U 40 c~m--+ 1~ J @ BY30 Q P r  "10 F c h ~ 6  
check i f  c k a y  
on ~f V o l t  Adj  incresses  v o l t a g e  cheek i f  8:kzy 
19.3 
Shuts down when GCR i s  ene rg i zed  
Recovers a f t e r  GCR i s  de-energized 
Is f lesh ing  c i r c u i t  required? 






CONT Oti SWEET -- - -  - - S H  ti0 .. -l-- - 
TEST PROCEDURE FOR VOLTAGE REGULATOR 3S2060DR139Al 
AND REACTOR-TRANSFORMER 3S2060DM150Al 
Run complete t e s t  before ;%ad after dverpotting of modules. 
1. nelerence  Drawings: Elementary 44D242103 
Connection 4 4B242107 
2. Inetrum&nts and Equipment 
0-2 Amps D. C. - 1% 
D. C .  Voltmeter 1% 3 0 ~ - o h m / v o l t  
A.C.  Hipot Tes te r  
D. C .  Hipot Tes te r  
Hew 1 t t -Packard D. C. Clip-On Milliammeter 
1.0$. I henry Inductor 




0-5 Amps D. C. - 1% 
3. Wire Check 
a .  Completely wire  check voltage regulator per elementary 
44B242103 and Connection Diagram 44D242107. 
4 .  
a. Connect a l l  terminals on terminal  board together. 
b. Jumper the following module terminals :  
F rom 
Module "a Term.  6 
T 0 
- 
Module 9, Term. 4 ,  5 ,  V1 
Module 14, Te rm.  6 Module 14, Term,  11, 16, 5 , V4 
Module 3, Te rm.  1 Module 3,  Term.  2 
Module 12, Te rm.  1 Module 12, Term.  2, 3, 6 
Mozlule 12, Te rm.  5 V4 
Module 10, Te rm.  2 Module 10, Term.  1, 3 
c .  Hipot from outside terminals to chassis  a t  1800 volts d. c . ,  current  
limited, for  1 minute. 
d. Hipot from outside terminals  to  Chaesis a t  1250 volts r m s ,  60 cps 
for  1 minute. 
e .  Remove a l l  shorting wi res .  
10713 SECT. 13 SO. ---- - - - - - - -- -- - - -- - - - 
INSTRUCTIONS 
5. 
a .  Connect VR a s  shown below 
0-12ov 
L-N 
400 cps  
0 - 5 . 0  ohms D. C. Resis tance 
b.  Phase  rotation mus t  be 81, 82, 83. 
c. Apply 12OV 1V L-N and take the following voltage m e a s u r e m e n t s  
dl. Adjust R4 fo r  min output a t  A 
Nominal Tes t  Points 
Voltage Value (g 1V) - ( - )  ( { I  
CR17 12V T e r m .  11, Mod. 14 T e r m .  6, Mod. 14 
C1 134V T e r m .  1, Mod. 8 T e r m .  6, Mod. 14 
C2 1 lr4 37 T e r m .  4, Mod. 9 T e r m .  6, Mod. 14 
R 14 3 1V T e r m .  F3, Mod. I3 T e r m .  6, Mod. 14 
Ql Base  CND 13V T e r m .  5, Mod. 14 T e r m .  6, Mod. 14 
CR19 24V T e r m .  2, Mod. 3 T e r m .  1, Mod. 3 
6r x f h  X ~ Y  x8x 
d. Uee High Impedance DC Voltmeter to m e a s u r e  these  voltages.  
e .  Record data in Table 1, Sheet 6 
SECTION--- -- - - - - - - - -- - - --- - 
CONT ON SHEET.-- -4 - - - SH N O  --A- - 
6.  M a g - A m p G a i n T e s t s  
a .  Leave VR connected a s  in  previous t e s t .  
b.  Connect Hewlett-Packard D. C. Clip-On Ammeter  on c i rcu i t  28 o r  
30.to r e a d  mag-amp control  c u r r e n t .  
c .  Vary l ine-neutra l  voltage s o  that mag-amp I, varies f r o m  6-10 ma .  and 
r e c o r d  result ing values of mag-amp output c u r r e n t  in Table 2, 
Sheet 6 . 
d. Plot  curve on F igure  1, Sheet 7 . 
7 ,  Sens i t iv i tyTes t s  
a .  Leave VR connected a s  i n  previous t e s t .  Set Ic = 7 , 5 m a  a t  12OV. 
b.  Vary  l ine-neutra l  voltage f rom 117-124 volts (average of 3d) and 
record  resul t ing values of mag-amp control  cur ren t  in  Table 3, 
Sheet ? , 
c .  Plot  cu rve  on F igure  2, Sheet @. 
8.  Overvoltage Tes t s  
a .  Leave VR connected a s  in  previous t e s t .  
b. Apply 120 volts l ine-neutra l  (average of 34) and r e a d  D. C. voltage 
f r o m  T e r m .  1, Mod. 8 (P lus )  to  T e r m .  6, Mod. 14. (Across  Cl . )  
Record Vcl using High Imp. VM. Should be 133 - 135V 
c .  Read D. C. Voltage f rom T e r m .  4, Mod. 9 (P lus )  to  T e r m .  6, Mod. 
14, (Across  C2). Record Vc2 . Should be 118 - l20V 
d. Disconnect power and open power lead to V1. 
3 .  Re-apply power and r a i s e  voltage on other  two I t n e s  until V 1 re tu rns  
c. t o  the value recorded  above. Record the line vol tages  requlred to do 
this in Table 4, Sheet 9. Should be 130 - 138 V. 
9. Fie ld  Rectifier Tes t s  
i. Connect a s  shown below 
1ov 
34 3 Wire 
400 cps 
T 0 
0 s  cillos cope 
b. Apply power a s  shown above. Check oscil loscope t o  asce r ta in  that 
output wave f o r m  i s  th ree  phase full wave rectified with no phases 
miss ing.  
10713 SECT.  13 Sl - --- - - -- - - - - - - - - -- - -- 
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I CONT ON SHEET -- 2- . -- SH NO - ----- 
10. Trans ien t  Tes t s  
a .  Connect VR and Reac to r -Trans former  3S2060DMl50Al a s  shown below. 





400 cps  






5 ohms total  D. C. Resis tance 
1. OuF 
.- . - + +-.- 
I 
d.  Connect decade r e s i s t o r  box and switch a c r o s s  t e rmina l s  1 and 3 
of module No. 7 a s  shown above. Leave switch open. 
e .  Apply power and adjust  l ine-neutra l  voltage until Ifield i s  approximately  
1.7 amps  a t  120V L-N. 
G INSTRUCTIONS 3S2060DR139 A1 SECTION-A- -- - - -- -- - -- - - -- - - 
f .  Close Test  Switch and adjust  Decade Box until Ifield i s  3.5-4.0 amps  
This should take somewhere between 65-70K. 
g. Turn t e s t  switch off and check to  s e e  that Ifield re tu rns  to  1.7 amps .  
h. Set Brush  Recorder  s o  pen moves approximately 20 divisions and 
run  r e c o r d e r  a t  5mm/second.  
i. With B r u s h  Recorder  connected a s  shown, Turn t e s t  switch on, 
then off, and record  the t rans ien t  t ime.  Curve obtained should be 
approximately a s  shown i n  Sketch 1, Sheet 10. 
j. Turn power off and remove decade box and'switch f rom circul t .  
11.0 Weight 
Weigh and record  weight of exci ter  and regulator on Sheet 10. 
10713 SECT 13 SI -- - -  -- - - - - - -  _.-  .. - -  - - -  
3SZ060DR139A1 
SlCTION-- - - - - - _ - - - - -- _ - - - - 
DATA SHEETS 
3 .  Wire Chcck 
-- 
(Check if 0. K. ) 
4 .  Hipot 
-------- 
. (Check if 0. M.) 




Nom itml Mcas~ircrl  i 
VOLTAGE 
. . . .. . -. - -. . . .. . .. . . - .. . . -. 
6 .  Maq-Amp G a ~ n  Test  R e s u l t s  







BIWIIIAL @ IIIEIIIIC 
DING INSTRUCTONS 
MAG-AMP CHARACTERISTIC CURVE 
Slopc of curve  bctwecn 200 and 1000 MA. to  bc 100 to 700  m a t m a .  
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DING INSTRUCTIONS 
7 .  Sens i t iv i ty  Tcst  R e s u l t s  (Con't) 





1 t- 12-3-32 
-t-.z3-12 . I Z ~ ~ E ~  ra4.r 1 1 ~ 4 . o b  
ZL$, *$' :- -- 15L4.4) 
I -- -- --A- MAG- A M P  CONTROL 1 CURRENT .+ 
t r n r n r r  @ rrr'crnic 
- 10713 SECT. 13 SO 
G INSTRUCTIONS SECTION-- - 3 ~ 2 0 6 0 ~ ~ 1 3 9 ~ 1  -- - - - - - -- -- - - ---- 
I I 
L-. i] @ Field  Rectifier Tost R r s o l t s  
F ie ld  ~ e c t ~ f i e r s - - @ K  -- . Check ~f output w a r e  f o r m  1s t h r e e  
phase full wave rect i f ied  with no phase m i s s ~ n g .  
9 .  Trans ien t  Tes t  Resul ts  
SKETCH 1 
TABLE 5 
a .  B/A S:?ould Be . 0 5  To - 0 9  
-- --  
b. T Shogld Be 1.4 To 3.0 . 
c .  Off C u r v e  Should bc approximately s a m e  a s  o n  Curve.  
Se r i a l  Number Rcgulato , Exc i t e r  
- 10. Weight (with covers  and a l l  ha rdware ) .  
O E W E R A L ~  ELECTRIC  I-- (--STANDING INSTRUCTIONS 10713 SECT 13 SD - - - - - - - - - - - -  . 3SZ060DR139A1 SECTION-- - - - - - - - - - - -- - - - - - - 
L-_ .- -- - -. - -- - 
-4 
D A T A  SHEETS 
3 .  Wire Chcck g . (Check i f  0. K . )  
4 .  Hipot . (Check if 0. K.) 
- --- -- -- -- 
5. V o l t a ~ c a  Checks 





OIIIRIL @ E L E C T R I C  
--I--- S 1 _ - _ ,0713 - - - . - S E C .  - 1 
STANDING INSTRUCTIONS ,Ecr,,, -_3_s_~_o50_ml39~1_ - _  
8 ON1 ON \ M I G  I - -  - - -  - -  * h - - - - 
CONTROL CURREKT - MA 
MAG- A M P  CHARACTERISTIC CURVE 
Slope o f  curvc. br t \vc .en  200 ant1 1OOO MA. to  be 100  t o  700 m a / m a .  
Minimum lo,t t o  b~ 70 ma .  o r  Iisss. 
SP r it1 1 KO. - --=#& f 
Tcster' By-- 
-- 
Date -.-c&.=.~&.I- &L-.-- 

G E N E R A L  @ ELECTRIC 
L 7 y L E C T .  
13 TI S I - - - - - - - - - - - - - INSTRUCTIONS 3S20hODR139Al SECT r r i - -  - - - - - _ _ - - - _ - - - - 10 CONT UN \ , l i l  -- - - - - - 5 "  hi - ---- 
DATA SHEETS .. 
- .  
I 
7.  Sensi t iv i ty  T e s t  Resul ts  (Co:llt) 
TABLE 3 - 
- -- - - - - 
, - - - I AVERAGE I M A G - A M P  CONTROL 
6- 3 - N  'OLTAGE - I CURRENT 
8. Ovcrvol tngr  T e s t  Rcsdl ts  
DATA SHEETS 
9 .  Field Rectifier Test Results 
Fie14 Rectifiers 
7 
. Check if output wave form i s  three 
phase full wave rectified with no phase. missing. 
10. Transient Test R e s ~ ~ l t s  
SKETCH 1 
---., .-- 
3 . 5  - 4 .OA 
- - - - - - - - -- 
TABLE 5 
a .  B / A  Should Be . 0 5  To .09 . - - -  - .  
b .  T Should Be 1.4 T 
c .  Off Curve Should be approximately same ar on Curve. 
Serial Number Exciter 
Test 
Date 
1 Weight (with covers and al l  hardware). 
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